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Abstract 
Vertebrates exhibit an enormous diversity in body shapes. Despite this 
variability, they all develop by a common principle, in which new tissue 
is continuously added at the posterior embryonic end during 
development. Axial extension requires a tight balance between the 
maintenance of axial progenitors in an undifferentiated state and the 
production of cells fated to generate different body structures. 
Concurrently, newly formed tissues are endowed with patterning 
information that coordinates their differentiation. The interactions among 
all these processes are ultimately responsible for the generation of a 
properly organized body, divided into well-defined anatomical regions, 
and has a major impact in the morphological diversity of this taxon. A 
key event during posterior extension involves a switch in the mode of 
tissue production from the trunk to the tail. This switch is required to 
produce different types of tissue in each of these regions. In particular, 
while the trunk harbors many of the vital and reproductive organs, the 
tail is basically formed by vertebrae and associated muscles. Therefore, 
trunk formation requires the contribution of progenitors for neural tissue 
and paraxial mesoderm, as well as those for intermediate and lateral 
mesoderm. These latter progenitors are required to build a large part of 
the internal organs together with endodermal tissues. Conversely, tail 
tissues are mostly derived from the paraxial mesoderm and ectoderm 
with no contribution of the intermediate and lateral mesoderm. As a 
consequence, the trunk to tail transition includes the depletion of lateral 
and intermediate mesoderm progenitors. Progenitors for the neural tube 
and paraxial mesoderm also undergo a significant change, as they are 
reallocated from the anterior primitive streak and adjacent epiblast to the 
chordo-neural hinge (CNH) within the tail bud. The work described in 
xviii 
 
this thesis investigated these aspects and identified key mechanisms 
involved in the regulation of the trunk to tail transition.  
 The first part of this thesis shows that Gdf11 signaling is a major 
coordinator of this transition by regulating at least two different 
processes. First, the onset of Gdf11 activity in the epiblast promotes the 
formation of the hindlimbs and cloaca-associated mesoderm. This is 
achieved through activation of Isl1 expression in progenitor cells of the 
lateral mesoderm by direct regulation of a relevant Isl1 enhancer 
element. These findings suggest that the hindlimbs and cloaca arise as the 
product of the terminal differentiation of lateral mesoderm progenitors. 
Second, Gdf11 signaling regulates proper reallocation of bipotent neural 
and mesodermal progenitors into the CNH. In the absence of Gdf11, the 
tail bud is not properly organized and progenitor cells become segregated 
into distinct domains, eventually producing split tails. This ultimately 
results in tail truncation due to increased cell death. Gdf11 signaling 
participates in progenitor reallocation through a reduction in the levels of 
retinoic acid (RA) available to these cells. This is achieved by promoting 
an increase in the levels of the RA catabolizing enzyme Cyp26a1 at the 
posterior embryonic end. The results presented in this work reveal that 
Gdf11 protects these bipotent progenitors from RA fluctuations during 
normal tail development. After the tail bud is formed, Gdf11 also 
participates in the progressive termination of the main embryonic axis by 
modulating the expression of Hox11 genes. 
 The second part of this thesis shows that Wnt3a is involved in the 
global coordination of axial elongation, regulating axial progenitor 
differentiation, mesoderm production and patterning. Wnt3a signaling in 
the epiblast seems to impair axial progenitor exit from the epiblast, 
affecting differentiation into mesoderm and neural tissue. Moreover, 
xix 
 
Wnt3a levels seem to contribute to mesoderm compartmentalization into 
lateral (higher) and paraxial (lower) mesoderm. This observation is 
compatible with previously described fate-maps of the primitive streak. 
Wnt3a also upregulates some posterior Hox genes in the presomitic 
mesoderm, thus reinforcing the connection between mesoderm 
production and patterning. The more anterior induction of the hindlimbs 
and cloaca upon high levels of Wnt3a in the epiblast suggests that, 
similar to Gdf11 signaling, Wnt3a signaling may also be involved in 
triggering the trunk to tail transition by modulating the behavior of the 
axial progenitors. In turn, stabilization of β-catenin in the epiblast seems 
to be relevant for the proliferation and maintenance of axial progenitors. 
Altogether, the findings presented in this thesis shed light on the 
coordinated growth and patterning of the vertebrate embryo. 
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Sumário 
Os vertebrados exibem uma grande diversidade de formas corporais. 
Apesar disso, eles são formados através de um princípio comum, no qual 
novos tecidos são continuamente adicionados à região posterior do 
embrião durante o desenvolvimento. Dessa forma, a extensão axial 
requer um estreito equilíbrio entre a manutenção de progenitores axiais 
em um estado indiferenciado e a produção de novas células, destinadas a 
gerar diferentes estruturas do corpo. Ao mesmo tempo, esses tecidos 
recém formados são providos de informações sobre padronização, que 
coordenam a sua diferenciação. Em última análise, a interação entre 
todos esses processos é reponsável pela geração de um corpo 
devidamente organizado, dividido em regiões anatômicas bem definidas, 
além de ter um profundo impacto na diversidade corporal desse táxon. 
Um evento importante durante a extensão posterior do corpo envolve a 
modificação no modo de produção dos tecidos do tronco para os tecidos 
da cauda. Essa mudança é necessária para a produção dos diferentes tipos 
de tecidos presentes nessas regiões. Em particular, enquanto o tronco 
contém os órgãos vitais e reprodutivos, a cauda é basicamente constituída 
por vértebras e músculos associados. Dessa forma, a geração do tronco 
necessita da contribuição de vários tipos de progenitores, que são 
responsáveis pelos tecido nervoso e mesoderma paraxial, assim como 
pelos mesoderma lateral e intermediário, além do endoderma. Em 
conjunto com o endoderma, os progenitores de mesoderma lateral e 
intermediário estão envolvidos em grande parte da formação dos órgãos 
internos. Por outro lado, os tecidos da cauda derivam principalmente do 
mesoderma paraxial e do ectoderma, sem qualquer contribuição dos 
mesodermas lateral e intermediário. Consequentemente, a transição do 
tronco para a cauda envolve o esgotamento de progenitores para 
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mesoderma lateral e intermediário, enquanto os progenitores para o tubo 
neural e mesoderma paraxial são reposicionados da região anterior da 
linha primitiva e do epiblasto adjacente para a região de articulação 
cordoneural (do inglês, chordoneural hinge) no primórdio da cauda. 
Usando murganhos como modelo experimental, o trabalho descrito nessa 
tese investigou esses aspectos e identificou importantes mecanismos 
envolvidos na regulação da transição do tronco para a cauda. 
 A primeira parte desta tese mostra que a sinalização por Gdf11 
coordena essa transição ao regular pelo menos dois processos distintos. 
Em primeiro lugar, o início da atividade de Gdf11 no epiblasto promove 
a formação dos membros posteriores e do mesoderma associado à cloaca. 
Esse processo ocorre através da ativação da expressão de Isl1 nas células 
progenitoras para mesoderma lateral, via a regulação direta de um 
elemento regulatório específico. Esses resultados sugerem que os 
membros posteriores e a cloaca surgem a partir da diferenciação terminal 
dos progenitores para mesoderma lateral. Em segundo lugar, a 
sinalização por Gdf11 regula o reposicionamento de progenitores 
bipotentes neural-mesoderma para a zona de articulação cordoneural. Na 
ausência de Gdf11, o primórdio da cauda é incapaz de manter-se 
organizado e as células progenitoras segregam-se em domínios distintos, 
eventualmente causando uma divisão da cauda e seu truncamento devido 
ao aumento de morte celular. Os nossos resultados sugerem que a 
sinalização por Gdf11 participa no reposicionamento desses progenitores 
através da redução dos níveis de ácido retinóico (AR) disponível. Isso 
ocorre pelo aumento dos níveis de expressão da enzima catabolizante 
Cyp26a1 na região posterior do embrião. Esses resultados revelam que a 
sinalização por Gdf11 protege esses progenitores bipotentes de 
flutuações nos níveis de AR durante o desenvolvimento normal da cauda. 
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Após a formação do primórdio da cauda, Gdf11 ainda participa na 
terminação progressiva do eixo embrionário principal ao modular a 
expressão de genes Hox11. 
 A segunda parte desta tese mostra que Wnt3a está envolvido na 
coordenação global da extensão axial, regulando a diferenciação dos 
progenitores axiais, a produção de mesoderma e a padronização de novos 
tecidos. A sinalização por Wnt3a parece comprometer a saída dos 
progenitores axiais do epiblasto, afetando a diferenciação em mesoderma 
e tecido nervoso. Além disso, os níveis de Wnt3a parecem contribuir 
para a compartimentalização do mesoderma em mesoderma lateral (alto) 
e mesoderma paraxial (baixo). Essa observação é compatível com 
descrições anteriores dos destinos das células que provém da linha 
primitiva. Além disso, Wnt3a induz alguns genes Hox no mesoderma 
presomítico, reforçando a relação entre a produção de mesoderma e a 
padronização do corpo. A anteriorização dos membros posteriores e da 
cloaca causada pelos altos níveis de Wnt3a no epiblasto sugere que, 
similarmente à sinalização por Gdf11, a sinalização por Wnt3a também 
pode estar envolvida com a transição do tronco para cauda ao regular o 
comportamento dos progenitores axiais. Por sua vez, a estabilização de β-
catenina no epiblasto parece ser importante para a proliferação e a 
manutenção desses progenitores. Assim, os resultados apresentados nesta 
tese esclarecem importantes aspectos envolvidos na coordenação entre o 
crescimento e a padronização do embrião de murganho. 
  
xxiv 
 
  
xxv 
 
List of Abbreviations 
Acvr1b activin A receptor, type 1B 
AHP anterior head process 
Alk activin-like kinase 
AP anterior-posterior 
AVE anterior visceral endoderm 
Bmp bone morphogenetic protein 
Bmpr1a bone morphogenetic protein receptor, type 1A 
Cdh1 E-cadherin 
Cdx Caudal-type homeobox 
Cer1 cerberus 1 homolog (Xenopus laevis) 
CNH chordoneural hinge 
DIG digoxigenin 
Dkk1 dickkopf homolog 1 (Xenopus laevis) 
Dll1 delta-like 1 (Drosophila) 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
dpTB dorso-posterior tail bud tail bud 
DV dorso-ventral 
DVE distal visceral endoderm 
e.g. exempli gratia 
EDTA ethylenediaminetetraacetic acid 
EGTA ethylene glycol tetraacetic acid 
EMT epithelial-mesenchymal transition 
En1 engrailed 1 
ENU N-ethyl-N-nitrosurea 
Eomes eomesodermin homolog (Xenopus laevis) 
Erk Extracellular signal-regulated kinase 
Errβ Estrogen-related receptor, beta  
Fgf Fibroblast growth factor 
Fgfr Fibroblast growth factor receptor 
Fox forkhead box 
Gata GATA binding protein 
Gdf growth and differentiation factor 
Grb2 growth factor receptor bound protein 2 
Hand2 heart and neural crest derivatives expressed 
transcript 2 
HCl hydrogen chloride/hydrochloric acid 
Her1 hairy and Enhancer of Split 1 
Her7 hairy and Enhancer of Split 7 
Hesx1 homeobox gene expressed in ES cells 
xxvi 
 
Hex/Hhex hematopoietically expressed homeobox 
ICM inner cell mass 
Isl1 Islet1 
K3Fe(CN)6 potassium ferricyanide 
K4Fe(CN)6.3H2O potassium ferrocyanide trihydrate 
kb kilobase 
kg kilogram 
Klf2 Kruppel-like factor 2 (lung) 
KOH potassium hydroxide 
Lef1 lymphoid enhancer binding factor 1 
Lefty1 left right determination factor 1 
Lfng Lunatic fringe 
LiCl lithium chloride 
Lim1/Lhx1 LIM homeobox protein 1 
LPM lateral plate mesoderm 
LR left-right 
Lrp low density lipoprotein receptor-related protein 
LTAP long-term axial progenitors 
Maml3 Mastermind like 3 (Drosophila) 
Map4k4 mitogen-activated protein kinase kinase kinase 
kinase 4 
MAPK mitogen-activated protein kinase 
Mesp2 Mesoderm posterior 2 
mg milligram 
MgCl2 magnesium chloride 
Mixl1 Mix1 homeobox-like 1 (Xenopus laevis) 
ml milliliter 
Msgn1 Mesogenin1 
NaCl Sodium chloride 
NaHCO3 sodium bicarbonate 
Nanog Nanog homeobox 
NC notochord 
NSB node-streak border 
NT neural tube 
º C degrees Celsius 
Oct4/Pou5f1 octamer-binding transcription factor 4/POU domain, 
class 5, transcription factor 1 
Otx2 orthodenticle homolog 2 (Drosophila) 
p38IP p38-interacting protein 
PBS phosphate buffered saline 
PBT phosphate buffered saline, containing 0.1% Tween-
20 
xxvii 
 
PCR polymerase chain reaction 
Pcsk proprotein convertase subtilisin/kexin 
PD proximal-distal 
Pdgfra platelet derived growth factor receptor, alpha 
polypeptide 
PFA paraformaldehyde 
PGCs primordial germ cells 
PS primitive streak 
PSM presomitic mesoderm 
P-Smad2/3 phosphorylated Smad2/3 
RA retinoic acid 
Raldh2/Aldh1a2 aldehyde dehydrogenase family 1, subfamily A2 
RAR retinoic acid receptor 
RBPJκ recombination signal binding protein for 
immunoglobulin kappa J region 
RNA ribonucleic acid 
RNAi RNA interference 
Shh sonic hedgehog 
Snai1 snail homolog 1 (Drosophila) 
Sox SRY-box containing gene 
STAP short-term axial progenitors 
T brachyury 
TBM tail bud mesenchyme 
Tbx6 T-box 6 
Tcf1 transcription factor 1, T cell specific 
TE trophectoderm 
TE buffer Tris-EDTA buffer 
VE visceral endoderm 
vTB ventral tail bud 
X-gal 5-bromo-4-chloro-indolyl-β-D-galactopyranoside 
ZPA zone of polarizing activity 
μl microliter 
μm micrometer 
 
xxviii 
 
   
xxix 
 
List of Figures 
 
Figure 1. Axis formation in the mouse embryo 38 
Figure 2. Gastrulation in the mouse embryo 45 
Figure 3. Fate map of the gastrulating mouse embryo 48 
Figure 4. Notochord morphogenesis 50 
Figure 5. Organization of the mouse tail bud 54 
Figure 6. The determination front 60 
Figure 7. Somitogenesis 63 
Figure 8. Organ specification during mouse development 66 
Figure 9. Hox clusters in the mouse 70 
Figure 10. Regional transitions along the AP axis 79 
Figure 11. Delayed hindlimb development in Gdf11 
mutants 
93 
Figure 12. Posterior displacement of the trunk to tail 
transition in Gdf11 mutants 94 
Figure 13. Anteriorization of the trunk to tail transition in 
Cdx2P-Alk5CA transgenic embryos 97 
Figure 14. Abnormal tail growth in Gdf11 mutants 99 
Figure 15. Abnormal tail bud organization in Gdf11 
mutants 
102 
Figure 16. Abnormal blood vessel formation and tail 
truncation in Gdf11 mutants 103 
Figure 17. Impact of RA signaling on Gdf11 mutant tails 105 
Figure 18. Cyp26a1 expression in Gdf11 mutants 107 
Figure 19. Positioning of the hindlimbs is not strongly 
affected by Hox genes 109 
Figure 20. Overexpression of Isl1 in the epiblast affects 
the trunk to tail transition 111 
Figure 21. Isl1 is involved in the terminal differentiation of 
the lateral mesoderm 112 
Figure 22. Isl1 is a direct target of Smad2 114 
Figure 23. Gdf11 affects the termination of the tail 115 
Figure 24. Truncation of Cdx2P-Alk5CA transgenics 116 
Figure 25. Founder lines induced variable degree of 
recombination 137 
Figure 26. Time-dependent recombination in T-streak-
CreERT::Rosa26R-YFP embryos 139 
Figure 27. Histological assessment of recombination in T-
streak-CreERT::Rosa26R-β-galactosidase 
embryos 141 
Figure 28. Induction of recombination in T-streak- 142 
xxx 
 
CreERT::Rosa26R-YFP embryos 
Figure 29. Low dose of tamoxifen induces reduced 
recombination 144 
Figure 30. Integration locus of the T-streak-CreERT 
transgene in mouse line #47 146 
Figure 31. Stabilization of β-catenin in mesodermal 
derivatives results in axial abnormalities 157 
Figure 32. High levels Wnt3a in the epiblast cause severe 
abnormalities 159 
Figure 33. Abnormal neural and mesodermal development 
upon high levels of Wnt3a in the epiblast 161 
Figure 34. Abnormal paraxial mesoderm morphology in 
Cdx2P-Wnt3a embryos 162 
Figure 35. Abnormal segmentation in Dll1P-Wnt3a 
transgenics 165 
Figure 36. Impaired ventral closure in Cdx2P-Wnt3a 
transgenics 167 
Figure 37. Abnormal mesoderm formation upon high 
levels of Wnt3a in the epiblast 168 
Figure 38. Wnt3a affects AP patterning of the body 
without perturbing Gdf11 expression 171 
Figure 39. A model for Wnt3a activity in the primite 
streak 185 
Figure 40. A model for tail bud organization in the mouse 186 
Figure 41. A model for trunk to tail transition in the mouse 189 
 
  
xxxi 
 
List of Tables 
 
Table 1. Primer information for genotyping 128 
Table 2. Probe information for in situ hybridization 129 
Table 3. Gdf11 genotyping in the R26R-β-gal+/0;T-streak-
CreERT+/0 #47 background 145 
Table 4. Primer information for genotyping 177 
   
xxxii 
 
   
33 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter I – Introduction 
"Nothing in biology makes sense except in the light of Evolution" 
Theodosius G. Dobzhansky 
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Introduction 
The relative broad observation that complex organisms derive from 
single cells has intrigued several generations of researchers over the 
years. Adult phenotypes result from a specific hierarchical sequence of 
developmental stages. The comprehensive understanding of these 
multiple steps will help to explain how distinct cell identities are 
generated and maintained during development through the modulation 
of the activity of the same, single genome. Indirectly, it may also help 
in Translational Medicine for the in vitro development of tissues or 
even organs for transplants and other aspects of human healthcare. 
Moreover, it may shed light on how phenotypic diversity has arisen and 
is being propagated during evolution. Indeed, how changes in 
embryonic development provide the grounds for adaptation and 
ultimately to evolution still remain largely elusive. 
 Taking vertebrates as an example, they display a large diversity 
of body shapes and sizes usually as a result from adaptation to the most 
varied environments. However, an overall similar organization into 
regional domains along their primary (anterior-posterior, AP) body axis 
is easily recognized when comparing different groups. Quantitative and 
qualitative differences in the formation of these regions are the basis of 
their morphological diversity. Curiously, limbs are always located at 
the level of anatomical transitions and animals with extended trunks, as 
diverse as snakes and whales, frequently present loss of the hindlimbs 
(Bejder and Hall, 2002; Burke et al., 1995; Cohn and Tickle, 1999; 
Greene and Cundall, 2000; Richardson et al., 1998; Thewissen et al., 
2006; Wiens and Slingluff, 2001; Woltering, 2012). These 
observations, therefore, may imply that extension of the trunk and limb 
specification along the AP axis may be related. Elucidating the 
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mechanisms that control the organization of the vertebrate body is thus 
essential to understand their evolution. The thesis work described 
herein aimed to investigate some of the mechanisms involved in the 
production of the vertebrate body, focusing more specifically on axial 
extension, maintenance of progenitors and AP patterning of the mouse 
embryo. 
 
I - Making a mouse embryo 
The complex vertebrate body arises from a series of tightly regulated 
and interdependent morphogenetic events. Since early development, 
crucial decisions are made to properly allocate cells into lineages as 
they proliferate and differentiate. Intricate cell movements and specific 
patterning programs ultimately reorganize the body into interdependent 
modular functional structures. In mammals, following fertilization of 
the oocyte by the sperm cell, a set of rapid cell divisions give rise to a 
solid mass of cells called morula. These cells then undergo the first 
lineage decision during development as they form a fluid-filled cellular 
sphere, known as blastocyst. In particular, the blastocyst comprises two 
distinct cell populations: (1) a pluripotent inner cell mass (ICM) that 
gives rise to the embryo proper, and (2) an outer epithelial layer, known 
as the trophoectoderm, which mediates implantation and expand to 
form the placenta and other extraembryonic tissues (reviewed by 
Arnold and Robertson, 2009). Early development, however, is not in 
the scope of this work and will be only briefly discussed herein. Further 
description of such stages can be found elsewhere (Arnold and 
Robertson, 2009; Chen et al., 2010; Nowotschin and Hadjantonakis, 
2010; Rossant and Tam, 2009). 
37 
 
I.1 - Early patterning: formation of the two-layered embryo 
At E3.5, some individual cells within the ICM start to express epiblast-
specific genes (e.g. Nanog, Klf2 and Fgf4), whereas others express 
endoderm-specific genes (e.g. Gata4, Gata6, Sox17 and Pdgfra) in a 
"salt and pepper", mutually exclusive mosaic and seemingly stochastic 
pattern (Artus et al., 2012; Chambers et al., 2003; Chazaud et al., 2006; 
Frankenberg et al., 2011; Fujikura et al., 2002; Gerbe et al., 2008; Guo 
et al., 2010; Kurimoto et al., 2006; Mitsui et al., 2003; Niswander and 
Martin, 1992; Plusa et al., 2008; Rossant et al., 2003). In addition, some 
molecules that play patterning roles at later developmental stages, such 
as Lefty1, β-catenin and Cer1, were also reported to be differentially 
distributed already in pre-implantation embryos (Chazaud and Rossant, 
2006; Takaoka et al., 2006; Torres-Padilla et al., 2007), raising the 
possibility that the inner cell mass is already more patterned than 
initially thought. How such mosaicism arises in the ICM is still ill-
defined, but seems to depend on Fgf4/Erk signaling (Arman et al., 
1998; Chazaud et al., 2006; Cheng et al., 1998; Feldman et al., 1995; 
Goldin and Papaioannou, 2003; Wilder et al., 1997). 
 Cells expressing epiblast and endoderm-specific genes 
eventually segregate to produce two layers (Fig. 1A). The visceral 
endoderm layer becomes in contact with the blastocelic cavity and 
eventually expands to cover the entire surface of the mural 
trophectoderm (TE) and epiblast (Arnold and Robertson, 2009; 
Kaufman, 1992; Plusa et al., 2005, 2008; Rossant and Tam, 2009). 
Such endodermal lining of the mural TE and the epiblast comprises the 
extraembryonic parietal endoderm (Kaufman, 1992). The ICM cells 
between the visceral endoderm and trophectoderm generate the 
epiblast, an epithelial sheet of columnar cells that gives rise to the 
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embryo proper. The segregation of these two ICM layers produces the 
first evidence of dorso-ventral (DV) polarity in the embryo, determined 
Figure 1. Axis formation in the mouse embryo. A Overview of the morphological events that establish 
the main embryonic axes. Lateral view. B Rotation of the AP axis in relation to the long axis of the
embryo occurs prior to gastrulation (adapted from Guo and Li, 2007; Lu et al., 2001). 
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as the epiblast-primitive endoderm (hypoblast) axis (Fig. 1A). At this 
stage (around E4.5), the embryo undergoes implantation in the uterine 
wall, which occurs through the ICM side of the embryo and produces 
the ectoplacental cone (Fig. 1A). This structure gradually penetrates the 
endometrial tissue and grows in size, eventually resulting in the 
formation of a large part of the extraembryonic tissues that support the 
development of the embryo proper. In the mouse, this is associated with 
a concave bending at the center of the epiblast, which produces a 
radially symmetric cup-shaped structure pointing outwards (the "egg 
cylinder" stage, which occurs by E5.5 in the mouse). Together, these 
events determine the formation of a proximal-distal (PD) axis (Fig. 
1A). 
 
I.1.a - Establishment of the anterior-posterior axis 
The first event leading to the establishment of the AP axis is the 
induction of the distal visceral endoderm (DVE) at the distal end of the 
egg cylinder (Fig. 1A) (Beddington and Robertson, 1999; Mesnard et 
al., 2004; Perea-Gomez et al., 2004; Takaoka et al., 2011; Thomas and 
Beddington, 1996; Thomas et al., 1998). The DVE arises from a group 
of Lefty1+/Gata6+ cells in the blastocyst as result from complex 
interactions between the visceral endoderm (VE), the epiblast and the 
extraembryonic ectoderm (Cai et al., 2008; Takaoka et al., 2011). Its 
formation seems to require the input from several signaling pathways, 
including BMP, Nodal/Activin and Wnt/β-catenin. Complex 
interactions between these pathways produce a restricted area at the 
distal part of the egg cylinder prone for DVE differentiation (Arnold 
and Robertson, 2009; Norris and Robertson, 1999; Varlet et al., 1997; 
Yamamoto et al., 2009). These molecular interactions include a BMP 
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signal from the extraembryonic ectoderm that promotes both the 
formation of the VE and the restriction of the DVE to the distal end of 
the embryo by blocking their development in the proximal region 
(Yamamoto et al., 2009). On the other hand, a PD gradient of 
Nodal/Activin forms in the epiblast and induces FoxH1 to initiate the 
transcription of Lefty1 in the distal end of the embryo (Beck et al., 
2002; Brennan et al., 2001; Granier et al., 2011; Takaoka et al., 2006). 
In turn, Bmp4 induces the expression of Wnt3 in the epiblast, which 
sustains Nodal expression in the vicinity of the extraembryonic 
ectoderm (Ben-Haim et al., 2006; Liu et al., 1999; Miura et al., 2010; 
Norris and Robertson, 1999; Vincent et al., 2003). 
 Once established, DVE cells migrate toward the future anterior 
side of the embryo (Hermesz et al., 1996; Takaoka et al., 2011; Thomas 
and Beddington, 1996; Thomas et al., 1998). This event produces 
directional movements in the VE layer, which culminate in the 
asymmetrical positioning of a group of cells with patterning properties 
in the proximal region of the embryo (Fig. 1A) (Chu and Shen, 2010; 
Miura et al., 2010; Takaoka et al., 2011). These cells are known as the 
anterior visceral endoderm (AVE). Contrary to previously thought, the 
AVE does not derive from the DVE. Instead, the AVE originates 
independently at the distal end of the embryo from a different subset of 
VE cells that start to express Lefty1 and Cer1 after E5.5 (Fig. 1A) 
(Takaoka et al., 2011). Genetic ablation of DVE cells did not impair 
AVE differentiation, but its cells remained at the distal end of the 
embryo, indicating that the DVE is essential for AVE migration but not 
for its induction (Takaoka et al., 2011). The subsequent repositioning of 
AVE cells within the post-implantation embryo rotates the AP axis, 
aligning it parallel to the long axis of the embryo and perpendicular to 
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the longitudinal axis of the uterine horn (Fig. 1B) (Guo and Li, 2007; 
Mesnard et al., 2004; Perea-Gomez et al., 2004). 
 Rotation of the AP axis depends on Wnt/β-catenin and FGF 
signaling (Barrow et al., 2007; Guo and Li, 2007; Kimura-Yoshida et 
al., 2005). Loss of Wnt3 blocks the alignment of the AP axis to the long 
axis of the embryo (Fig. 1B) (Barrow et al., 2007; Tortelote et al., 
2012). Conversely, deletion of the Fgf8 spliceform Fgf8b reveals that 
FGF signaling does not affect proper positioning of the AVE, but it is 
required for correctly orienting the embryo in the uterine horn (Guo and 
Li, 2007). The precise mechanisms underlying Wnt3 and Fgf8b roles in 
the rotation of the AP axis remain to be scrutinized. 
 The mechanisms controlling the polarity of AVE movement are 
also not fully understood. β-catenin seems to play a role in this process 
because genetic ablation of this molecule blocks AVE migration 
(Morkel et al., 2003). The role of β-catenin in this process is mediated 
by activation of the Nodal co-receptor Cripto (Morkel et al., 2003). 
Interestingly, inactivation of Wnt3 or of all Wnt signaling activity 
through the inactivation of the common essential Wnt co-receptors 
Lrp5/6 has no negative effects on AVE formation (Kelly et al., 2004), 
suggesting that β-catenin also participates in Wnt-independent 
processes despite its essential role in canonical Wnt activity. An 
additional connection between Wnt/β-catenin signaling and AVE 
migration was provided by the finding that the Wnt antagonist Dkk1 in 
the anterior region functions as an attractive cue for AVE cells, 
whereas Wnt3a repels these cells from the posterior side (Kimura-
Yoshida et al., 2005). Other factors involved in AVE migration are 
Bmpr1a-mediated BMP signaling and the homeobox-containing 
transcription factor Otx2 (Acampora et al., 1995; Kimura et al., 2000; 
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Matsuo et al., 1995; Miura et al., 2010). Otx2 activity seems to be 
mediated by Dkk1, since the expression of this Wnt antagonist is able 
to rescue the Otx2 mutant phenotype (Acampora et al., 2009; Kimura-
Yoshida et al., 2005; Zakin et al., 2000). Likewise, conditional 
inactivation of Bmpr1a in the epiblast also affects Dkk1 expression 
(Miura et al., 2010). However, the absence of an AVE migration 
phenotype in Dkk1 mutants indicates that other Wnt inhibitors might 
also participate in this process (Mukhopadhyay et al., 2001). Indeed, 
other Wnt antagonists such as Sfrp1 and Sfrp5 are expressed in the 
AVE (Finley et al., 2003; Kemp et al., 2005). 
 After positioned in the future anterior end of the embryo, the 
AVE acts as a signaling center with two main functions. First, the AVE 
is required to produce anterior structures, most particularly those rostral 
to the hindbrain. Second, it coordinates the formation of a midline 
structure in the opposite side of the embryo, named the primitive streak 
(PS), which appears as a local deformation in the posterior epiblast by 
E6.5 in the mouse (Perea-Gomez et al., 2004; Rivera-Pérez and 
Magnuson, 2005; Thomas and Beddington, 1996). 
 Genetic analyses demonstrated that both Nodal/Activin and 
Wnt/β-catenin signaling are crucial for the establishment of a proper 
PS, since inactivation of Nodal or Wnt3 blocks its formation (Barrow et 
al., 2007; Conlon et al., 1994; Liu et al., 1999; Tortelote et al., 2012). 
The AVE assists proper PS formation by secreting Nodal and Wnt 
inhibitors, thus restricting the activity of these pathways to the posterior 
epiblast (Belo et al., 1997; Conlon et al., 1994; Finley et al., 2003; 
Kemp et al., 2005; Kimura et al., 2000, 2001; Meno et al., 1999; Norris 
and Robertson, 1999; Oulad-Abdelghani et al., 1998; Perea-Gomez et 
al., 2002, 2004, 2001; Piccolo et al., 1999). For instance, inactivation of 
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both Nodal antagonists Cer1 or Lefty1 results in the formation of 
multiple ectopic PS throughout the epiblast (Perea-Gomez et al., 2002). 
Posterior restriction of Nodal activity seems to require Smad5-
dependent BMP signaling, as mutant embryos for Smad5 show 
expanded expression of Nodal and an ectopic PS (Pereira et al., 2012). 
Likewise, restriction of Wnt3 activity to the posterior embryonic tissues 
also depends on antagonists in the AVE, as previously mentioned 
(Finley et al., 2003; Kemp et al., 2005; Mukhopadhyay et al., 2001). 
 These signaling pathways, however, exhibit distinct roles in the 
initiation of the PS. Whereas Nodal signaling is critical for determining 
the site of the PS (Gu et al., 1998; Perea-Gomez et al., 2002; Pereira et 
al., 2012), Wnt/β-catenin signaling is involved in the production of 
mesoderm (Barrow et al., 2007; Huelsken et al., 2000; Kelly et al., 
2004; Liu et al., 1999; Tortelote et al., 2012). This activity is initially 
mediated by Wnt3, as its inactivation reproduces the phenotype of  
Lrp5;Lrp6 double mutants or of β-catenin null embryos (Huelsken et 
al., 2000; Kelly et al., 2004; Liu et al., 1999). Wnt3 is sequentially 
expressed in the posterior VE and in the posterior epiblast as a result of 
an autoregulatory feedback loop (Tortelote et al., 2012). Curiously, 
initiation of the PS seems to depend on the expression of Wnt3 in the 
VE, as this structure is still formed following the conditional 
inactivation of this gene in the epiblast (Tortelote et al., 2012). Absence 
of Wnt3 expression in the epiblast, however, impairs the maintenance 
of gastrulation (Tortelote et al., 2012). 
 
I.2 - Gastrulation: formation of the embryonic germ layers 
Formation of the PS marks the onset of the gastrulation process, which 
comprises a series of extensive and coordinated cell movements that 
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ultimately rearrange the embryo in three germ layers. These layers 
eventually produce all tissues and organs in the body (reviewed by 
Gilbert, 2003). The PS coordinates gastrulation by modulating 
functional changes of epiblast cells. Cells located anterior to the PS are 
not affected by its activity and remain in the epiblast to give rise to 
ectoderm. Eventually, these Sox3-expressing cells form the surface 
ectoderm and neural tissues (Acloque et al., 2011; Burdsal et al., 1993; 
Mikawa et al., 2004; Quinlan et al., 1995; Tam and Loebel, 2007; 
Wilson et al., 2009). Conversely, epiblast cells at the level of the PS 
move towards the midline and leave the epithelial layer through the PS, 
giving rise to both mesoderm and definitive endoderm (Fig. 2A,B, D) 
(Voiculescu et al., 2007; Williams et al., 2012). Thus, the PS defines 
the site of ingression, in which epiblast cells change their 
characteristics to a mesenchymal phenotype and migrate towards the 
anterior region of the embryo as two bilateral wings (Fig. 2B,C) 
(Kinder et al., 1999; Lawson et al., 1991; Parameswaran and Tam, 
1995). The production of mesoderm, therefore, involves an epithelial-
mesenchymal transition (EMT). 
 FGF signaling is a key regulator of EMT during gastrulation. In 
particular, loss of Fgf8 or Fgfr1 does not affect PS and mesoderm 
induction, but results in an accumulation of cells in the epiblast, 
protruding into the proamniotic cavity (Ciruna and Rossant, 2001; 
Ciruna et al., 1997; Deng et al., 1994; Guo and Li, 2007; Sun et al., 
1999; Yamaguchi et al., 1994). Interestingly, a similar phenotype is 
observed following the conditional inactivation of Wnt3 in the epiblast, 
which may have resulted from the downregulation in the expression of 
Fgf8 (Tortelote et al., 2012). 
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Figure 2. Gastrulation in the mouse embryo. A Gross morphology of a mouse embryo at E8.5. Dorsal 
view (Jurberg et al., unpublished). B,C Basal membrane integrity during gastrulation. red laminin, green E-
cadherin, blue nuclei (from Ohta et al., 2007). B Epithelial-mesenchymal transition at E8.5. Arrow marks 
the primitive groove. C Tail ventral mesoderm at E10.5 shows cessation of gastrulation. D Cell fates during 
PS ingression. red arrow lateral mesoderm, green arrow paraxial mesoderm, blue arrow neural ectoderm, 
yellow arrow axial mesoderm. NSB node-streak border (adapted from Ramkumar and Anderson, 2011). 
 
 The activity of FGF signaling during EMT relies on the 
activation of the zinc finger transcription factor Snai1 (Ciruna and 
Rossant, 2001; Ciruna et al., 1997; Schlueter and Brand, 2009). Snai1 
downregulates expression of several cell adhesion molecules 
characteristic of epithelial cells. In particular, Snai1 binds the promoter 
of the E-cadherin gene (Cdh1) and shuts down its expression (Batlle et 
al., 2000; Cano et al., 2000). Similarly, Snai1 also represses the 
expression of tight junction components, such as claudins and 
occludins (Ikenouchi et al., 2003). Inactivation of Snai1 is lethal 
because of abnormal formation of extraembryonic mesoderm due to the 
maintenance of epithelial characteristics (Carver et al., 2001; Ciruna 
and Rossant, 2001). Curiously, conditional inactivation of Snai1 in the 
epiblast does not affect gastrulation to a large extent, but embryos 
exhibit alterations in left-right (LR) asymmetry, vascular abnormalities 
and increased apoptosis, dying by E9.5 (Murray and Gridley, 2006). 
This finding indicates that Snai1 is probably not the only regulator of 
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EMT during mouse gastrulation and other factors might exist to 
compensate its activity. 
 Protein stability of E-cadherin is also regulated at the cell 
junctions during EMT in the PS. This regulation requires the activity of 
the NCK-interacting kinase (NIK)/Map4k4 pathway, which activates 
p38 MAPK through the p38-interacting protein (p38IP) (Zohn et al., 
2006). In the absence of p38IP, E-cadherin is retained in the nascent 
mesoderm, ultimately impairing cell migration away from the PS (Zohn 
et al., 2006). However, expression of Fgf8 and Snai1 are not affected in 
these mutant embryos, indicating that p38IP does not modulate E-
cadherin through their regulation (Zohn et al., 2006). Whether FGF 
signaling regulates p38 activity during EMT in the PS remains to be 
evaluated. 
 
 
 
 
I.2.a - Cell fates during primitive streak ingression 
Transplantation experiments have shown that epiblast cells are 
multipotent prior to ingression through the PS. In particular, grafted 
cells into a different area of the epiblast are able to contribute to tissues 
normally produced by the recipient area (Carey et al., 1995; Lawson et 
al., 1991; Tam et al., 1997). In addition, this indicates that epiblast cells 
do not have a pre-specified fate. Instead, the fate they assume during 
gastrulation largely depends on their position relative to the PS (Fig. 
2D) (Beddington, 1982, 1981; Kinder et al., 1999; Lawson and 
Pedersen, 1992; Lawson et al., 1991; Parameswaran and Tam, 1995; 
Quinlan et al., 1995; Ramkumar and Anderson, 2011; Smith et al., 
1994; Tam and Beddington, 1987; Tam et al., 1997, 2001; Tam, 1989; 
Watson and Tam, 2001; Wilson and Beddington, 1996). Cells located 
close to the PS ingress at earlier developmental times and contribute to 
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more anterior embryonic tissues along the AP axis, whereas cells 
located farther from the PS gastrulate later and contribute to more 
posterior structures (reviewed by Tam and Behringer, 1997). 
Differently from the chick (Voiculescu et al., 2007), however, the 
mouse epiblast exhibits reduced cell intermingling and the PS elongates 
through the gradual ingression of cells toward the distal region of the 
embryo (Williams et al., 2012). 
 During early stages of gastrulation, cells that leave the epiblast 
give rise almost exclusively to extraembryonic mesoderm, producing 
predominantly the yolk sac mesoderm and the allantois (Fig. 3A). The 
allantois forms the umbilical cord and the mesodermal components of 
the fetal placenta (reviewed by Rossant and Cross, 2001). In addition to 
the extraembryonic mesoderm, cells ingressing at these early stages in 
the anterior PS form the anterior mesoderm (prechordal plate and 
anterior head process) and cardiac mesoderm (Fig. 3A). Some of these 
cells also contribute for the production of definitive endoderm, which 
eventually develops into the embryonic fore- and midgut (Lawson and 
Pedersen, 1987; Lawson et al., 1991; Tam and Beddington, 1987). 
 Concomitant to these early gastrulation events, the PS extends 
anteriorly, reaching its longest length around E7.5. At this stage, the 
most posterior region of the PS still organizes the production of 
extraembryonic mesoderm. However, by this time, production of 
cardiac mesoderm is mostly complete and more anterior areas of PS 
now organize the paraxial, intermediate and lateral components of the 
embryonic mesoderm. Fate mapping experiments have revealed that the 
paraxial mesoderm is formed from cells ingressing through the anterior 
PS and the intermediate and lateral mesoderm are organized by 
progressively more posterior areas of the PS (Figs. 2D and 3B). Thus, 
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there is a correlation between the mediolateral (also represented as DV) 
position of the mesodermal derivatives and the AP position of the PS at 
which those mesodermal structures are produced (Fig. 3). As the 
embryo continues growing, the PS reduces in length and eventually 
folds, ceasing its contribution to extraembryonic mesoderm. The 
anterior region of the PS at E8.5 now produces mostly paraxial 
mesoderm and endoderm, whereas more posterior areas of the PS still 
contribute to LPM. 
 
 
Figure 3. Fate map of the gastrulating mouse embryo. A Epiblast of early-streak stage embryo is 
regionalized in a dorso-ventral (DV) fashion before germ layer formation. B Late-streak stage embryo 
maintains the early DV relationship during cell ingression. The heart mesoderm has already ingressed 
through the PS and is no longer represented. C Distribution of different types of tissues in the fetus. Cross-
section of the trunk region (adapted from Tam & Behringer 1997). 
 
 A shallow depression on the ventral side of the embryo forms at 
the most anterior end of the PS, giving rise to a characteristic transient 
structure known as the node (Fig. 2D) (Kinder et al., 2001; Sulik et al., 
1994; Yamanaka et al., 2007). Similar to equivalent structures in other 
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vertebrates, the mouse node exhibits organizing activity, since it can 
induce secondary axis formation other than head structures when 
transplanted ectopically (Beddington, 1994; Tam and Steiner, 1999; 
Tam et al., 1997). However, the precise contribution of this organizing 
activity during normal development in the mouse is still unclear.  
 Fate mapping experiments indicate that the mouse node 
contributes mostly to axial tissues, including the prechordal mesoderm, 
the notochord and the floor plate of the neuroectoderm, as well as it 
also provides cells to the definitive endoderm (Fig. 2D) (Kinder et al., 
2001; Lawson et al., 1991; Yamanaka et al., 2007). In addition to its 
role in gastrulation, the node is also responsible for generating an 
unidirectional flow of extraembryonic fluid, which triggers the initial 
events that establish LR asymmetry in the embryo (reviewed by Lee 
and Anderson, 2008). 
 The mouse notochord arises from three distinct processes. Its 
anterior region is formed from the anterior head process (AHP), which 
condenses on the midline of the embryo without crossing the node 
(Yamanaka et al., 2007). Axial mesoderm cells that enter the node 
produce the trunk notochord through mediolateral intercalation, while 
the tail notochord arises from node-derived cells that migrate caudally  
(Kinder et al., 2001; Sulik et al., 1994; Yamanaka et al., 2007). Despite 
their different modes of formation and genetic requirements, the 
notochord gather together as a continuous rod-like structure (Fig. 4) 
(Yamanaka et al., 2007). The notochord has an important role in 
patterning either the DV axis of the neural tube and the LR axis of the 
developing embryo (reviewed by Lee and Anderson, 2008). 
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Figure 4.  Notochord morphogenesis. Schematic representation summarizes the distinct modes of 
notochord formation during mouse development, from anterior (left) to posterior (right) The black brackets 
at the top indicate the genetic dependence of each region on different transcription factors. The orange 
brackets in the middle refer to the cell types that originate these regions of the notochord. Distinct 
morphogenetic mechanisms are involved in the formation of each region. Anatomical regions are 
represented at the bottom (from Yamanaka et al. 2007). 
 
I.2.b - Mesoderm production 
Gastrulation is closely linked to the production of mesoderm. This tight 
relationship makes it difficult to discern between direct and indirect 
effects on mesoderm formation. Despite this caveat, the induction of 
mesoderm is usually associated with the expression of T (Brachyury). 
This link was established from the observation that a spontaneous 
mutation in this gene resulted in the complete block in the production 
of mesoderm posterior to the forelimb bud in the mouse, affecting also 
the formation of the notochord and the allantois (Chesley, 1935; 
Herrmann et al., 1990). Extensive studies of a variety of mutant alleles 
for this gene have revealed that distinct levels of T are required at each 
axial level (Chesley, 1935; Gruneberg, 1958; Herrmann, 1991; 
Herrmann et al., 1990; MacMurray and Shin, 1988; Stott et al., 1993; 
Yanagisawa, 1990). Mutant or chimeric embryos harboring mutated 
51 
 
cells for T exhibit deficient morphogenetic cell movements with 
reduced cell migration away from the PS (Hashimoto et al., 1987; 
Wilson and Beddington, 1997; Wilson et al., 1993, 1995; Yanagisawa 
et al., 1981). 
 Wnt signaling is a major regulator of mesoderm development. 
Loss of Wnt3 impairs the expression of T and blocks mesoderm 
production (Barrow et al., 2007; Liu et al., 1999; Tortelote et al., 2012). 
The same phenotype is observed in Lrp5;Lrp6 double mutants or in β-
catenin null embryos (Huelsken et al., 2000; Kelly et al., 2004), thus 
reinforcing the requirement for Wnt/β-catenin signaling for mesoderm 
induction. However, it is not clear if this is a direct effect or an indirect 
consequence of the absence of PS in these mutants. Regardless of this 
aspect, mesoderm formation depends initially on Wnt3 and it is 
subsequently maintained by Wnt3a as Wnt3 levels decrease (Arnold et 
al., 2000; Cambray and Wilson, 2007; Galceran et al., 1999; Liu et al., 
1999; Takada et al., 1994; Yamaguchi et al., 1999). Accordingly, mice 
mutant for Wnt3a fail to produce mesodermal structures posterior to the 
forelimb bud, which leads to a strong axial truncation (Takada et al., 
1994). 
 After the initial stimulation by Wnt3, T establishes a feedback 
loop to sustain Wnt3a expression by directly binding to its promoter 
(Evans et al., 2012; Martin and Kimelman, 2008). Intriguingly, the β-
catenin/Lef1/Tcf1 transcription complex is essential for sustaining T 
expression, but seems to be dispensable for its initiation (Galceran et 
al., 2001). This suggests that Wnt3 and Wnt3a may use a different set 
of effector complexes to regulate T expression. However, the identity 
of such potential effectors is still not known as the epiblast of E8.5 
embryos seems to be negative for the expression of other members of 
52 
 
the Lef1/Tcf family (Galceran et al., 1999), although earlier expression 
of these genes still needs to be determined. 
 Alternatively, it is possible that T expression in the PS is 
initiated by a mechanism that does not involve Wnt/β-catenin signaling. 
Indeed, T is activated in the notochord by a Wnt/β-catenin-independent 
mechanism (Galceran et al., 2001; Haegel et al., 1995; Wilkinson et al., 
1990). Recently, Fletcher et al. (2006) have shown that the Fgf8 splice 
form Fgf8b, but not Fgf8a, is able to induce T expression in Xenopus. 
Accordingly, T expression is lost in the extraembryonic ectoderm and 
greatly impaired in the epiblast of Fgf8b mutants at E6.5, with no 
evident effect on the expression of Nodal and Wnt3 (Guo and Li, 2007). 
In addition, double conditional inactivation of Fgf4 and Fgf8 in the PS 
reduces T expression in the caudal end, but not in the notochord domain 
(Boulet and Capecchi, 2012). Therefore, it is possible that T expression 
is first induced by FGF signaling in the posterior epiblast as well as the 
underlying PS and later sustained by Wnt/β-catenin signaling, initially 
through Wnt3 and then through Wnt3a by a positive autoregulatory 
loop (Hierholzer and Kemler, 2010). The mechanism controlling T 
expression in the notochord still remains to be elucidated. 
 Intriguingly, the head mesoderm and the first seven or eight 
somites, which give rise to the cervical area, are not affected in T 
mutants. A similar observation was reported for other mouse mutants, 
including those for Wnt3a, Tbx6 and Raldh2 single mutants or Cdx 
compound mutants (Chapman and Papaioannou, 1998; Herrmann et al., 
1990; Mic et al., 2002; Niederreither et al., 1999; van Rooijen et al., 
2012; Takada et al., 1994; Wilson and Beddington, 1997; Yoshikawa et 
al., 1997). This suggests that formation of the head and cervical region 
of the vertebrate body is controlled by a different mechanism than the 
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one operating in more posterior axial regions. Whether other members 
of the T box family would be able to compensate the absence of T 
activity at early embryonic stages remains to be determined. 
 
I.3 - Axis extension 
During gastrulation, the vertebrate body grows by the progressive 
addition of new tissue at the caudal end of the embryo (Fig. 2). 
Initially, axial growth is driven by the PS, which organizes the 
continuous production of the different mesodermal compartments and 
of endoderm for the formation of the trunk. By E9.0, the mouse embryo 
inverts the position of its germ layers, reallocating the ectoderm to the 
outside and the endoderm to the inside, while mesoderm remains in the 
middle (Fig. 3C) (Tam and Behringer, 1997). This event is called 
turning (or axial rotation) and usually occurs by E9.0, giving to the 
embryo the characteristic "fetal" position (see Kaufman, 1992). 
 A major switch in the mode of tissue production occurs after 
embryo turning. Around E9.5, the ingression of epiblast cells through 
the PS ceases and the cells responsible for sustaining the axial growth 
are relocated to the tail bud, which further sustains the growth of the 
tail (Figs. 2C and 5) (Cambray and Wilson, 2002, 2007; Ohta et al., 
2007; Wilson and Beddington, 1996). Such switch also reflects in the 
mode of neural tube formation, which changes from folding of the 
neural plate (primary neurulation, during trunk formation) to the 
cavitation of a rod-like structure into a tube (secondary neurulation, 
during tail elongation) (Gofflot et al., 1997; Handrigan, 2003; 
Nievelstein et al., 1993). 
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Figure 5. Organization of the mouse tail bud. A Schematic representation of a mouse embryo at E10.5, 
highlighting the tail bud (blue box) (from Wilson et al. 2009). B-E Mouse tail bud at E10.5. B, C The tail 
bud mesenchyme (TBM) can be divided into three regions. 1 chordoneural hinge (CNH), 2 dorsal posterior 
tail bud mesoderm, 3 ventral tail bud mesoderm. In C, red laminin, blue nuclei. Arrowhead indicates the 
posterior surface ectoderm. Sagittal section, scale bar 100 µm (from McGrew et al. 2008). D Cell lineage 
tracing using a R26nlaacZ mouse line reveals resident cells in the CNH with bipotent neural and 
mesodermal potency. NT neural tube (from Tzouanacou et al. 2009). E Schematic representation of the tail 
bud, highlighting the CNH (red box). NC notochord (from Wilson et al. 2009). 
  
 The tail bud comprises the caudal extremities of the neural tube, 
the notochord and the hindgut, in addition to a group of 
morphologically homogeneous mesenchymal cells encased by surface 
ectoderm (Fig. 5). The surface ectoderm derives from the posterior 
region of the ectodermal surface overlying the late PS (Tam and 
Beddington, 1987; Wilson and Beddington, 1996). A thickening of the 
ectoderm at the ventral side of the tail bud, known as ventral 
ectodermal ridge (VER), is the lattermost site of cell ingression (Fig. 
2C) (Gajović and Kostović-Knezević, 1995; Ohta et al., 2007; Tam and 
Beddington, 1987; Wilson and Beddington, 1996). The VER is 
required for the upregulation of Noggin in the ventral mesoderm of the 
tail, which results in the inhibition of BMP signaling and in the 
termination of the PS-derived EMT (Fig. 2C) (Ohta et al., 2007). In 
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addition, ablation of the VER in tail bud explants at E10.5 blocked 
somitogenesis and impaired further tail elongation (Gofflot et al., 1997, 
1998; Goldman et al., 2000). These later contributions of the VER 
during tail elongation remain poorly characterized. 
 
I.3.a - Axial progenitors 
Independently of the mode of tissue production, extension of the body 
is thought to rely on populations of axial progenitors. The existence of 
axial progenitors was proposed after cell tracing and grafting 
experiments because a population of resident cells in between the node 
and the rostral region of the PS (now known as the node-streak border, 
NSB) was able to contribute to different axial compartments during 
body extension, such as neural tube, notochord and somites (Fig. 2D) 
(Cambray and Wilson, 2002, 2007; Forlani, 2003; Lawson et al., 1991; 
Mathis and Nicolas, 2000a, 2000b; Nicolas et al., 1996; Selleck and 
Stern, 1991; Smith et al., 1994; Snow, 1981; Tam and Beddington, 
1987; Tam and Tan, 1992; Tzouanacou et al., 2009; Wilson and 
Beddington, 1996). Later in development, these cells are reallocated 
into a region of the tail bud just caudal to the posterior end of the 
notochord and the overlying neural tube, which was termed as the 
chordoneural hinge (CNH) (Cambray and Wilson, 2002; Pasteels, 
1942, 1939, 1943). Within the tail bud, these progenitors are still able 
to sustain axial growth through accretion (Fig. 5) (Cambray and 
Wilson, 2002; Sausedo and Schoenwolf, 1993, 1994). 
 Some authors called these progenitors "axial stem cells" 
(Kondoh and Takemoto, 2012; Olivera-Martinez et al., 2012; Takemoto 
et al., 2011; Wilson et al., 2009), but there is no evidence so far that 
they strictly self-renew, especially because their expression profile 
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seems to change as development proceeds (Cambray and Wilson, 2007; 
Iimura and Pourquié, 2006). Thus, McGrew et al. (2008) have proposed 
to name resident cells in the PS or in the tail bud as "long-term axial 
progenitors" (LTAP). Cells that do not persist for longer periods in 
these regions and contribute only to limited areas of axial tissue were 
termed "short-term axial progenitors" (STAP) (McGrew et al., 2008). 
In this context, one of the major barriers for the study of LTAPs is the 
lack of specific and reliable cell markers. Most genes that have been 
shown to be expressed in the NSB or in the tail bud are also present 
elsewhere, often in nearby regions of the embryo (Cambray and 
Wilson, 2007; Wilson et al., 2009). However, the simultaneous use of 
multiple markers has started to help in the identification of these cells. 
For instance, Martin and Kimelman (2012) have shown that axial 
progenitors in zebrafish express both the neural marker Sox2 and the 
mesodermal marker T. The same pattern was also observed in chicken 
and human embryos (Olivera-Martinez et al., 2012). Whether this 
pattern is evolutionary conserved in the mouse remains to be 
confirmed. 
 In the absence of specific cells markers, most information about 
the properties and behavior of the axial progenitors derive from 
grafting and cell tracing experiments. Transplantation of CNH cells to 
the NSB region of younger embryos have revealed that they are not 
committed to a specific fate, although they exhibit a reduced ability to 
populate more anterior embryonic regions (Cambray and Wilson, 2002; 
McGrew et al., 2008). Whereas cell potency seems to depend on the 
specific area of the tail bud used as source, grafted cells are able to 
change their Hox gene expression profile to suit the new environment, 
in a process that seems to depend on cell-cell interactions (McGrew et 
57 
 
al., 2008). Indeed, these authors described three regions in the tail bud 
mesenchyme, with distinct cell properties (Fig. 5C). The CNH harbors 
resident LTAP, which have the ability to generate both neural and 
mesodermal descendants. Dorsal and ventral regions in the tail bud 
contain STAPs, which may have been derived from the CNH. In 
particular, cells in the dorsal posterior region of the tail bud (dpTB) 
have a reduced capacity to persist and contribute only to mesoderm, 
whereas ventral tail bud (vTB) cells do not remain in the tail bud and 
give rise to small areas of paraxial mesoderm (Fig. 5). 
  Genetic experiments have also provided indirect evidence of the 
mechanisms controlling the biology of the axial progenitors. For 
instance, Tbx6 drives axial progenitors into a mesodermal fate at the 
expense of neural tissue through the downregulation of Sox2 
(Takemoto et al., 2011). When Tbx6 is genetically inactivated, ectopic 
neural tube-like structures flank the axial neural tube (Chapman and 
Papaioannou, 1998). In the resulting mesoderm, high levels of Wnt/β-
catenin signaling further specifies paraxial mesoderm, while low levels 
drive mesoderm differentiation to vascular endothelium in the zebrafish 
(Martin and Kimelman, 2012). Blood formation depends on Cdx genes, 
which are downstream targets of Wnt/β-catenin signaling (reviewed by 
Lengerke and Daley, 2012).  
 In the mouse, however, loss of Cdx genes causes severe axial 
truncations and has revealed redundant functions between family 
members in the formation of the axial skeleton, neural tube and the 
cloacal derivatives (Van den Akker et al., 2002; Chawengsaksophak et 
al., 1997, 2004; van Nes et al., 2006; Savory et al., 2009; Subramanian 
et al., 1995; van de Ven et al., 2011; Young et al., 2009). Among them, 
Cdx2 has the most prominent role. Whereas inactivation of Cdx1 or 
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Cdx4 produces mild anterior homeotic transformations, the conditional 
inactivation of Cdx2 in the epiblast results in the block of axial growth 
at the level of the hindlimbs (Savory et al., 2009). In turn, the Cdx2+/-
;Cdx4-/- allelic combination (Cdx2/4 mutants) exhibits an intermediate 
phenotype (Van Nes et al., 2006; Young et al., 2009). Intriguingly, 
Cdx2/4 deletion does not affect the behavior and self-renew capacity of 
the axial progenitors when they are grafted into a wild type 
environment (Bialecka et al., 2010), suggesting that Cdx genes may act 
non-cell autonomously to maintain a progenitor niche in the tail bud 
(Bialecka et al., 2010; Young et al., 2009).  
 Conversely, axial progenitors seem to be highly sensitive to 
retinoic acid (RA). Administration of RA to pregnant females results in 
anterior homeotic transformations, ectopic formation of neural tissue 
and truncation of the caudal region of the embryos due to widespread 
apoptosis (Alles and Sulik, 1990; Kessel, 1992; Shum et al., 1999). RA 
activity in the tail bud seems to be regulated by the RARγ, since its 
inactivation is able to rescue the tail phenotype caused by exogenous 
administration of RA or by loss of Cyp26a1 (Abu-Abed et al., 2003; 
Iulianella et al., 1999). Analyses of gene expression upon increased 
levels of RA have revealed that many genes, such as Cdx4, T, Wnt3a, 
and Fgf8, were also downregulated in the tail bud (Abu-Abed et al., 
2003; Iulianella et al., 1999; Olivera-Martinez et al., 2012). Of 
particular interest, FGF signaling seems to have a central role on the 
axial progenitors by promoting the expression of both Sox2 and T in the 
tail bud of chicken embryos (Olivera-Martinez et al., 2012). 
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I.4 - From progenitors to body structures 
Elongation of the embryonic main body axis requires a tight balance 
between the maintenance of axial progenitors in an undifferentiated 
state and the production of new cells. The organized deposition of 
tissue precursors endowed with patterning information ultimately 
generates the different body structures. Although all these processes are 
interconnected during development, they will be discussed herein in 
separate for simplification.  
 
I.4.a - Somitogenesis 
The structures that best characterize vertebrates are associated with 
their muscle-skeletal system. The largest part of this system derives 
from the paraxial mesoderm (reviewed by Brent and Tabin, 2002; 
Christ et al., 2007), although other embryonic tissues also participate in 
its formation. For instance, neural crest cells generate most of the 
craniofacial skeleton and the lateral mesoderm gives rise to the limb 
skeleton (reviewed by Capdevila and Izpisúa Belmonte, 2001; Cordero 
et al., 2011). 
 During the posterior growth of the embryo, the paraxial 
mesoderm forms through the progressive addition of precursors derived 
initially from the PS and then from the tail bud (reviewed by Wilson et 
al., 2009). The addition of such new tissue in the caudal end of the 
embryo is accompanied by the periodical formation of pairs of 
symmetrical segments of mesoderm, known as somites, at both sides of 
the neural tube (Fig. 6). This determines two major domains in the 
paraxial mesoderm: a segmented region composed of an AP succession 
of somite pairs and the non-segmented presomitic mesoderm (PSM) 
located more posteriorly (Fig. 6). Somites are produced at the anterior 
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end of the PSM through the combined activity of two dynamic 
variables: the “determination front”, which marks the region of the 
PSM where a new inter-somitic border is formed, and the 
“segmentation clock”, which establishes the pace of somitogenesis. 
 
 
Figure 6. The determination front. A-D Whole-mount in situ hybridization of chicken embryos for key 
components of the segmentation program. Expression of Fgf8 (A), Wnt3a (B), Raldh2 (C), and Mesp2 (D). 
* marks the last formed somite (from Pourquié 2011). 
 
 The determination front is thought to arise from the combination 
of two opposite gradients, an anterior to posterior gradient of RA and a 
posterior to anterior gradient of Wnt3a and Fgf8 (Fig. 6A-D) (Diez del 
Corral et al., 2003; Dubrulle and Pourquié, 2004a; Dubrulle et al., 
2001; Moreno and Kintner, 2004; Sirbu and Duester, 2006). The 
relevance of the FGF and Wnt/β-catenin activities for setting the 
determination front has been extensively investigated in many animal 
models. In particular, increased FGF levels in the PSM of chicken or 
zebrafish embryos resulted in a more anterior position of the new inter-
somitic border and smaller somites (Dubrulle et al., 2001; Sawada et 
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al., 2001). On the other hand, the determination front was displaced 
caudally and larger somites were formed when FGF activity was 
blocked by chemical inhibitors (Dubrulle et al., 2001; Sawada et al., 
2001). However, the most compelling evidence for a role of FGF 
signaling in somitogenesis was provided by genetic experiments in 
mice (Naiche et al., 2011; Niwa et al., 2007; Wahl et al., 2007). In 
particular, the conditional inactivation of both Fgf4 and Fgf8 in the PS 
resulted in axial truncation due to the premature differentiation of PSM 
cells (Naiche et al., 2011).  
 Similarly, high levels of Wnt/β-catenin signaling also maintain 
PSM cells in an undifferentiated state. Although the phenotypes 
resulting from the inactivation of Wnt3, Wnt3a, Lrp5;Lrp6 or β-catenin 
did not allow analysis of the role of these molecules in somite 
formation in mice (Huelsken et al., 2000; Kelly et al., 2004; Liu et al., 
1999; Takada et al., 1994), the inhibitory properties of this pathway in 
the PSM were demonstrated by the constitutive activation of β-catenin, 
which resulted in embryos with an extended PSM that failed to produce 
new somites (Aulehla et al., 2008; Dunty et al., 2008). On the other 
hand, the conditional inactivation of β-catenin in the PS produced 
small, misshapen somites as a result of the abnormal PSM (Dunty et al., 
2008). 
 Mutant mice for the RA-synthesizing enzyme Raldh2 have 
revealed that RA has an indirect effect on the determination front and 
somite size by antagonizing FGF signaling in the ectoderm (Diez del 
Corral et al., 2003; Sirbu and Duester, 2006; Vermot and Pourquié, 
2005; Vermot et al., 2005). RA seems to be also involved in the 
maintenance of somite symmetry by protecting the paraxial mesoderm 
from the asymmetric stimulus produced by the LR genetic program 
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(Diez del Corral et al., 2003; Sirbu and Duester, 2006; Vermot and 
Pourquié, 2005; Vermot et al., 2005). 
 The second component of somitogenesis involves the so-called 
segmentation clock. The first evidence for its existence was found in 
chicken embryos from the observation of dynamic expression of 
Hairy1 in the PSM (Fig. 7A-I) (Palmeirim et al., 1997). Its expression 
oscillated as a wave sweeping the PSM in a posterior to anterior 
direction, with a periodicity roughly matching the time required for the 
formation of a new somite (Palmeirim et al., 1997). A large number of 
genes have been further described with cycling behavior in the PSM in 
chicken, mouse and zebrafish embryos (Aulehla et al., 2003; Dale et 
al., 2006; Dequéant et al., 2006, 2008; Krol et al., 2011; Niwa et al., 
2007). In general, they mostly belong to the Notch, FGF and Wnt/β-
catenin signaling pathways. Both FGF and Notch signaling modulate 
genes that cycle in synchrony with each other, whereas Wnt/β-catenin 
signaling regulates genes that oscillate in the complementary phase 
(Aulehla et al., 2003; Dequéant et al., 2006, 2008; Krol et al., 2011; 
Niwa et al., 2007). Interestingly, the identity of cycling genes differed 
between those three species, suggesting the existence of a non-
conserved mechanism controlling these oscillations (Krol et al., 2011). 
 The role of oscillating genes from the FGF and Wnt/β-catenin 
pathways is still not clear. However, Wnt/β-catenin signaling activates 
the cyclic expression of many Notch signaling members through the 
induction of Msgn1 expression in the rostral part of the PSM 
(Chalamalasetty et al., 2011). Msgn1 expression is also affected by the 
conditional inactivation of Fgfr1 in the PS, whereas the expression of 
Wnt3a was only slightly expanded in the PSM (Wahl et al., 2007). 
Indeed, perturbations in FGF signaling affect the expression of multiple 
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genes, including members of the Wnt/β-catenin and Notch pathways 
(Niwa et al., 2007; Wahl et al., 2007). Oscillations in Notch members 
have a better defined role in somitogenesis. They synchronize cyclic 
gene expression among neighboring PSM cells, in addition to initiate 
Mesp2 expression by E7.5 (Conlon et al., 1995; Evrard et al., 1998; 
Hrabĕ de Angelis et al., 1997; Oginuma et al., 2008). 
 
 
Figure 7. Somitogenesis. A-I Whole-mount in situ hybridization of chicken embryos for cHairy1 shows 
oscillation in gene expression (from Pourquié 2011). J A model for periodic segmentation. Schematic 
representation of the temporal and spatial changes in the expression patterns and relationships among 
Mesp2 (pink), Tbx6 (green), NICD (blue) and FGF signaling (orange) during a single cycle of 
somitogenesis. See text for further information. NICD Notch intracellular domain (from Oginuma et al. 
2008). 
  
 Mesp2 is a key effector in the formation of inter-somitic 
boundaries. Its expression results from the interaction between the 
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molecular activities associated to the clock and the determination front. 
The combined activity of Wnt/β-catenin and Notch signaling sustain 
the expression of Tbx6 in the entire PSM through the regulation of T 
and RBPJκ, respectively (Chapman et al., 1996; White et al., 2005; 
Yamaguchi et al., 1999). Tbx6 induces the activation of Mesp2, 
determining its anterior border of expression (Oginuma et al., 2008; 
Yasuhiko et al., 2006). In turn, the posterior border of the Mesp2 
domain is defined by active repression through the FGF gradient in the 
PSM (Oginuma et al., 2008; Sasaki et al., 2011; Yasuhiko et al., 2006, 
2008). Consistent with this, conditional inactivation of both Fgf4 and 
Fgf8 in the PS resulted in the expansion of the Mesp2 expression 
domain (Naiche et al., 2011). Mesp2 suppresses Notch activity through 
the induction of Lfng, as well as downregulates Tbx6 protein through 
proteasome-dependent degradation just before a new segment is 
established in the rostral region of the PSM (Fig. 7J) (Morimoto et al., 
2005; Oginuma et al., 2008). 
 These findings have led to a model in which the new segment 
border is produced at the AP level of the PSM where the inhibitory 
activity of FGF and Wnt/β-catenin signaling falls below the threshold 
required to block the molecular mechanisms of segmentation. The 
inhibitory gradients result from the restricted production of the relevant 
molecules at the most posterior end of the PSM, which are then 
progressively degraded as they occupy more anterior areas of the PSM 
(Aulehla et al., 2008; Dubrulle and Pourquié, 2004a; Dubrulle et al., 
2001; Dunty et al., 2008; Sawada et al., 2001). The increasing growth 
of the embryo thus produces the concomitant displacement of the 
source of signals. This results in a constant posterior shift of the 
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determination front at the same pace as the growth of the PSM (Fig. 7J) 
(reviewed by Pourquié, 2011). 
 
I.4.b - Trunk formation and organ specification 
The vertebrate body is made of many other different structures in 
addition to the muscle-skeletal system. Each of them differentiates 
under the control of unique morphogenetic programs, usually involving 
tightly regulated sequential steps and multiple tissue interactions. A 
comprehensive discussion of the mechanisms involved in 
organogenesis is not in the scope of this thesis. This section briefly 
describes how some of these structures are correctly specified within 
the mouse trunk as the embryo elongates. Detailed description of those 
processes can be found elsewhere (heart, Abu-Issa and Kirby, 2007; 
Lin et al., 2012; Srivastava, 2006; Stennard and Harvey, 2005; 
hematopoietic system, Medvinsky et al., 2011; thymus, Gordon and 
Manley, 2011; gut, Lewis and Tam, 2006; Zorn and Wells, 2009; lungs, 
Morrisey and Hogan, 2010; liver, Si-Tayeb et al., 2010; Tremblay, 
2011; pancreas, Puri and Hebrok, 2010; Gittes, 2009; Oliver-Krasinski 
and Stoffers, 2008; spleen, Burn et al., 2008; urogenital system and 
kidneys, Bowles and Koopman, 2013; Costantini and Kopan, 2010; 
Dressler, 2009; Quaggin and Kreidberg, 2008; Shah et al., 2004; 
Suzuki et al., 2009; Yamada et al., 2006). 
 The trunk can be defined as a region of the body encompassing 
major organs and further divided into thorax and abdomen. The first 
organ to be induced during development is the heart, resulting from the 
combined action of BMP, FGF, Shh, Notch, RA and Wnt signaling in 
the most anterior region of the lateral mesoderm, underneath the 
cephalic neural plate (Duester, 2008; Srivastava, 2006). Correct 
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morphogenesis and positioning of the heart depends on the inductive 
activity of the anterior visceral endoderm through the secretion of 
Bmp2 over the splanchnic mesoderm, in conjunction to head and 
foregut morphogenesis (Fig. 8A,B) (Madabhushi and Lacy, 2011; 
Schultheiss et al., 1997). The invagination of the endodermal sheet 
initiates foregut formation at the same time as broad AP regional 
patterning through a Nodal gradient. High Nodal levels promote 
anterior endoderm together with Foxa2 and Mixl1 transcription factors, 
whereas posterior endoderm differentiates under low levels of Nodal 
and a Sox17-dependent mechanism (reviewed by Zorn and Wells, 
2009). 
Figure 8.  Organ specification during mouse development. A,B Head and heart formation occur 
concomitantly to foregut invagination. A Early head fold stage embryo. Lateral view. Red box highlights the 
anterior embryonic/extraembryonic junction. B Schematic representation of the highlighted region in A, 
showing foregut invagination through time. C-E Overview of endoderm organ formation (adapted from 
Zorn & Wells 2009). C Major events are listed in chronological order. D Mouse stages highlighting the
endoderm (yellow) matches the events in C. A schematic cross section of a E9.5 embryo illustrates the germ
layer arrangement. red mesoderm, blue neural tube, fg foregut, mg midgut, hg hindgut. E Endoderm cell 
lineages projected on to a schematic of the gastrointestinal tract (adapted from Madabhushi and Lacy, 2011). 
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 Other trunk-associated organs originate from endodermal and 
mesodermal tissues laid down during the axial extension of the body. 
The epithelial components of the gastrointestinal and respiratory 
systems derive from the definitive endoderm, which generates the 
mature organs upon interactions with the lateral mesoderm (reviewed 
by Zorn and Wells, 2009). The classical view of endoderm formation 
implied that epiblast-derived cells invade and displace the VE layer 
(Lawson and Pedersen, 1987; Lawson et al., 1986). However, a recent 
study suggested that the VE is not completely displaced to 
extraembryonic regions, but some VE cells intermingle with the 
definitive endoderm to produce the embryonic gut (Kwon et al., 2008). 
At E8.0, the endoderm starts a sequence of regional specification 
processes along the DV and AP axes that generate the primordia of the 
lungs, the gastrointestinal tract and its associated organs. These 
primordia interact with the mesenchyme of the lateral plate, which 
provides several other organ components such as the muscular layers of 
the intestine and the vasculature, while neural crest cells provide 
autonomic innervation (Fig. 8C-E) (reviewed by Zorn and Wells, 
2009). Kidney specification occurs in three steps from the intermediate 
mesoderm at the level of the prospective hindlimbs, resulting from the 
concerted activity of RA signaling along the AP axis and the BMP and 
Activin signaling along the medio-lateral axis (reviewed by Costantini 
and Kopan, 2010). The gonads are formed from paired rudiments of 
intermediate mesoderm that bud off near the developing kidney. 
However, the gametes originate from primordial germ cells (PGCs) that 
are set aside early in development during gastrulation. These cells arise 
from the extraembryonic mesoderm in close proximity to the posterior 
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region of the PS and the allantois by E6.5 (Ginsburg et al., 1990). 
Around E9.5-E11.5, the PGCs migrate through the hindgut toward the 
genital ridges, where they develop in testis cords or become the ova 
depending on the sex of the animal (reviewed by Bendel-Stenzel et al., 
1998; Molyneaux and Wylie, 2004). A transient compartment at the 
caudal end of the hindgut, the cloaca, gives rise to the exit of the 
genitourinary system and to the anorectal sinus (Seifert et al., 2008). In 
mammals, this occurs through its septation into distinct openings by a 
Shh-dependent mechanism (Mo et al., 2001). Concomitantly, the 
cloacal membrane gives rise to the genital tubercle through the 
concerted activity of Shh, FGF, BMP and Wnt/β-catenin signaling 
(reviewed by Suzuki et al., 2009). The genital tubercle is the last 
structure to develop along the AP axis (Haraguchi et al., 2000; Perriton 
et al., 2002). 
 
I.5 - Anterior-posterior patterning of the body 
At the same time the embryo grows, tissue precursors at particular axial 
levels acquire positional information, ultimately resulting in the 
production of a properly organized body divided in well-defined 
anatomical regions (e.g. neck, trunk and tail). Such distribution also has 
functional relevance, since most of the internal organs involved in vital 
and reproductive processes are associated with the trunk. Per se, this 
reveals distinctive requirements for the development of each region of 
the body, usually involving tightly regulated sequential steps and 
multiple tissue interactions. 
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I.5.a- Anterior-posterior patterning of the axial skeleton 
The axial skeleton is a major derivative of the paraxial mesoderm, 
emerging from the sclerotome of the differentiating somites (reviewed 
by Christ et al., 2000). Overall, the axial skeleton is divided into five 
major anatomical regions, from anterior to posterior: 1) cervical, 2) 
thoracic, 3) lumbar, 4) sacral, and 5) caudal. The length of each of these 
regions is at the base of the diversity observed in the vertebrate body. 
Whereas a high degree of variability occurs among species, a given 
species exhibits an invariable distribution, which is termed vertebral 
formula. For instance, the mouse, the focus of this thesis work, presents 
seven cervical, thirteen thoracic, six lumbar, four sacral and a variable 
number of caudal vertebrae (C7T13L6S4Cd24-30) (reviewed by Mallo 
et al., 2009). 
 A wealth of genetic experiments performed during the last three 
decades helped to identify many of the players involved in patterning of 
the axial skeleton. They are part of a variety of signaling pathways and 
include many transcription factors. The current paradigm considers 
Hox genes as major players in this process and different signaling 
pathways eventually converge in the regulation of their activity. 
 
Hox genes 
Initially identified in mutant flies with altered segment identity, 
homeotic genes (Hox) proved to be highly conserved during animal 
evolution (reviewed by Gehring, 1987; Lewis, 1978; Wellik, 2007). 
They encode transcription factors with a specific 60-amino acid DNA-
binding domain (homeodomain), determining regional identities along 
the AP and proximo-distal axes (Kissinger et al., 1990; McGinnis et al., 
1984; Otting et al., 1990; Scott and Weinert, 1984). Mammals have 39 
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Hox genes distributed in four clusters (A to D), which were originated 
from two duplication events of an original single cluster, followed by 
secondary losses of some genes (Asrar et al., 2012; Bailey et al., 1997; 
Duboule and Dollé, 1989; Garcia-Fernàndez, 2005; Hart et al., 1987; 
Holland et al., 1994; Kappen et al., 1989; Krumlauf, 1994; Pearson et 
al., 2005; Schughart et al., 1989). Each cluster harbors 13 paralogous 
groups, classified on the basis of their distribution within the cluster 
and sequence similarity (Fig. 9) (reviewed by Alexander et al., 2009). 
 
 
Figure 9. Hox clusters in the mouse. Top Schematic representation of Hox expression in the mouse 
embryo at E12.5. Approximate domains of expression are color-coded to the genes in the cluster diagram. 
Bottom Schematic representation of Hox genomic distribution (adapted from Pearson et al. 2005).  
  
 The clustered organization of Hox genes raised interesting 
functional properties, in which gene activation follows the order they 
are distributed along the chromosome. In particular, genes located at 
more 3' regions of the cluster are expressed earlier in development than 
genes at more 5' regions (Dollé et al., 1989; Duboule and Dollé, 1989; 
Gaunt and Strachan, 1996; van der Hoeven et al., 1996; Izpisúa-
Belmonte et al., 1991; Kondo and Duboule, 1999). In addition, gene 
distribution within the cluster correlates with their sequence of 
activation along the AP axis. Thereby, Hox genes at the 3' end of the 
cluster are activated at more rostral regions than those occupying more 
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5' locations within the cluster (Dollé et al., 1989; Gaunt et al., 1988). 
These temporal and spatial colinearities determine well-defined anterior 
boundaries of expression at distinct axial levels as the embryo grows, 
but overlapping gradients towards the tail (Burke et al., 1995; Duboule 
and Dollé, 1989; Graham et al., 1989). Such patterns of expression led 
to propose the concept of posterior prevalence, according to which Hox 
proteins activated at more caudal regions are able to override the effects 
of more anterior Hox genes (Bachiller et al., 1994; Duboule, 1991; 
Duboule and Morata, 1994; González-Reyes and Morata, 1990). 
However, a mechanistic explanation for this phenomenon still remains 
elusive. 
 The role of Hox genes in patterning the axial skeleton has been 
extensively studied, mostly using genetic approaches in the mouse. The 
current paradigm states that the first step in Hox-mediated patterning of 
the axial skeleton involves the definition of global anatomical regions 
(McIntyre et al., 2007; Vinagre et al., 2010; Wellik and Capecchi, 
2003). For instance, formation of the thoracic region, typically defined 
by the presence of rib-bearing vertebrae, is first induced by the 
activation of Hox6 genes in the paraxial mesoderm (Vinagre et al., 
2010). The first indication for this was obtained from the comparison of 
Hox gene expression patterns between species with different vertebral 
formulas, showing that the anterior expression limit of genes from this 
paralog group correlates with the cervical to thoracic transition and not 
with absolute somite levels (Burke et al., 1995). The role of Hox6 genes 
in promoting thoracic characteristics was later supported by transgenic 
experiments in the mouse, which revealed that Hoxb6 is able to induce 
rib formation along the whole AP axis (Vinagre et al., 2010). 
Conversely, the lumbar region is produced by the activation of Hox10 
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genes, which block rib formation (Carapuço et al., 2005; Vinagre et al., 
2010). Such activity was initially revealed by the analysis of mutant 
mice with complete inactivation of all Hox10 genes, which resulted in 
the ectopic growth of ribs in the lumbar region (Wellik and Capecchi, 
2003). The ability of Hox10 genes to block rib formation was later 
confirmed by transgenic experiments in which Hoxa10 was 
precociously expressed in the PSM, resulting in totally rib-less embryos 
(Carapuço et al., 2005). The sacrum results from the activity of the next 
Hox paralog group, Hox11, as demonstrated by the absence of the 
sacral region in mice lacking the whole Hox11 group, which acquired 
lumbar morphology (Wellik and Capecchi, 2003). The finding that the 
different vertebral regions are specified in an AP sequence and that this 
is controlled by the sequential activity of Hox genes in the 3’ to 5’ 
direction, together with the observation that determination of a 
particular anatomical region somehow implies overriding the 
characteristics of the immediately anterior region, provide good 
experimental evidence for the concept of posterior prevalence in 
vertebrates. 
 Global patterning of the axial skeleton seems to be determined 
in the PSM prior to somite formation. This was initially shown by 
classical transplantation experiments in chicken embryos (Fomenou et 
al., 2005; Kant and Goldstein, 1999; Kieny et al., 1972; Nowicki and 
Burke, 2000). In particular, when the PSM of the prospective thoracic 
region was heterotopically transplanted into the PSM of the prospective 
cervical region, the resulting somites developed according to its donor 
characteristics, producing embryos with ribs associated to the cervical 
vertebrae (Nowicki and Burke, 2000). More recently, genetic 
manipulations in the mouse indicate that Hox genes seem to produce 
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their patterning effects also in the PSM and not in the differentiating 
somites. For instance, precocious overexpression of Hoxa10 in the 
PSM resulted in the absence of ribs in the thorax. Conversely, 
overexpression of this gene in the somites caused only milder 
phenotypes (Carapuço et al., 2005; Vinagre et al., 2010). Similar 
experiments performed with Hoxb6 and Hoxa11 suggested that the 
activity of these genes in promoting, respectively, thoracic and sacral 
characteristics is also mostly relevant in the PSM (Carapuço et al., 
2005; Vinagre et al., 2010). 
 In addition to defining the global anatomical regions of the 
body, Hox genes are also involved in providing positional identity to 
the individual vertebrae that compose each of the different areas. 
Consistent with this, mutations in many different Hox genes produce 
distinct types of milder homeotic transformations that affect a limited 
set of vertebrae (Van den Akker et al., 2001; Chen et al., 1998; Condie 
and Capecchi, 1993, 1994; Horan et al., 1994, 1995; Manley and 
Capecchi, 1997). However, how the identity of each vertebra is 
determined remains poorly understood and it is not easily interpreted 
from the analysis of existing mutants. Kessel and Gruss (1991) have 
proposed the existence of a "Hox code", in which such identities are 
provided by the combination of the activity of several Hox genes acting 
at the different AP levels. However, the complexity of the possible 
combinations makes it almost virtually impossible to test this 
hypothesis in a conclusive way. 
 
Retinoic acid signaling 
This was the first pathway associated with alterations in the patterning 
of the axial skeleton (Shenefelt, 1972). In particular, treatment of 
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pregnant females with exogenous RA resulted in both anterior and 
posterior transformations of vertebral identity, depending on the 
specific time of administration (Kessel, 1992; Kessel and Gruss, 1991). 
Compatible with this, inactivation of RARs produced cervical 
transformations resembling those observed in Hoxb4 and Hoxb5 single 
mutants (Jeannotte et al., 1993; Lohnes et al., 1994; Ramírez-Solis et 
al., 1993). Such similarity raised the possibility that the AP patterning 
activity of RA results from the control of Hox gene expression. The 
first indication that RA might control Hox gene activation was 
provided by in vitro experiments showing that treatment of 
teratocarcinoma cells with RA resulted in the collinear activation of 
Hox genes of the B cluster (Simeone et al., 1990). In the mouse, 
changes in vertebral identity upon RA treatment correlated with 
anterior shifts of Hox expression domains (Kessel, 1992; Kessel and 
Gruss, 1991). How RA modulates Hox gene expression is still not 
clear. However, some Hox genes harbor RAREs in their regulatory 
regions (Dupé et al., 1997; Gould et al., 1998; Langston and Gudas, 
1992; Langston et al., 1997; Oosterveen et al., 2003a, 2003b; Pöpperl 
and Featherstone, 1993; Studer et al., 1998; Zhang et al., 1997). The 
existence of such elements suggest that at least part of Hox regulation 
involves the direct interaction between RA receptors and Hox 
regulatory regions. 
 
Wnt/β-catenin signaling 
This pathway also influences segmental identity along the AP axis. 
Although mutants for Wnt3a exhibit a strong truncation posterior to the 
forelimbs, which precludes the assessment of patterning effects 
(Takada et al., 1994), homeotic transformations were observed in the 
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cervical area of Wnt3a null mutants, with fusions between the axis (C2) 
and the atlas (C1) (Ikeya and Takada, 2001). Analysis of Wnt3avt/vt 
hypomorphs confirmed this transformation and also revealed posterior 
identity changes in the thoracic region, as well as lumbar to sacral 
transformations (Ikeya and Takada, 2001). As for RA, it is possible that 
Wnt3a affects AP patterning through activation of Hox gene 
expression. Consistent with this, Wnt3a was able to induce posterior 
Hox (e.g. Hoxa9 and Hoxa10) genes in embryoid bodies or in human 
fibroblasts (Klapholz-Brown et al., 2007; Lengerke et al., 2008). 
Similarly, β-catenin was shown to directly induce Hoxa10 expression 
in myeloid progenitor cells (Bei et al., 2012). However, how this 
regulation is produced in the developing embryo is still far from being 
understood. 
 
FGF signaling 
The FGF pathway is also involved in AP patterning processes. A series 
of defects in the axial skeleton resulted from genetic perturbations in 
the activity of Fgfr1 (Partanen et al., 1998). A gain-of-function allele 
resulted in posteriorization of the axial skeleton, with transformation of 
the last cervical vertebra into a thoracic identity and the last thoracic 
vertebra adopting a lumbar character (Partanen et al., 1998). 
Conversely, some hypomorphic alleles produced posterior truncations 
at the lumbosacral level or in the tail, in addition to homeotic 
transformations in both anterior and posterior directions (Partanen et 
al., 1998). 
 The observation of subtle alterations of the Hox expression 
domains at earlier developmental stages in embryos carrying these 
hypomorphic phenotypes suggested that the AP patterning activity of 
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Fgfr1 also relies on the modulation of Hox gene expression (Partanen 
et al., 1998). Other experimental observations also support this 
hypothesis. In particular, incubation of Xenopus cap explants with Fgf 
ligands resulted in activation of posterior Hox genes (Cho and De 
Robertis, 1990; Cox and Hemmati-Brivanlou, 1995; Kolm and Sive, 
1995; Lamb and Harland, 1995; Pownall et al., 1996). Similarly, 
implantation of Fgf8-soaked beads adjacent to the caudal PSM of 
chicken embryos shifted anteriorly the rostral boundaries of Hoxb9 and 
Hoxa10 without provoking abnormal cell movement along the AP axis 
(Dubrulle et al., 2001). A dose-dependent effect on the activation of 
Hox genes by Fgf8 is also observed in tissue explants (Liu et al., 2001). 
However, the molecular mechanisms controlling Hox expression 
through Fgf stimulation are still largely unknown. 
 
GDF11 signaling 
Gdf11 activates another signaling pathway that strongly impacts axial 
patterning. Mutants for this gene exhibit a minor alteration in the 
seventh cervical vertebra, but have strong effects in more posterior 
parts of the skeleton, with four or five extra rib pairs and seven to nine 
lumbar vertebrae, as well as variable degrees of tail truncation. The 
extension of the trunk (thorax and lumbar region) displace the 
hindlimbs posteriorly in relation to the forelimbs, without an apparent 
increase in total body length at earlier stages (McPherron et al., 1999). 
 The similarity in the phenotype of other mutants has revealed 
many members of this pathway that were further confirmed by 
biochemical approaches, such as the proprotein convertase Pcsk5, the 
Activin type IIA (Acvr2a) and IIB (Acvr2b) receptors and the Tgf-β 
type I receptor Alk5 (Tgfbr1) (Andersson et al., 2006; Essalmani et al., 
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2008; McPherron et al., 1999; Oh and Li, 1997; Oh et al., 2002; 
Szumska et al., 2008). However, it is possible that Gdf11 is not the only 
ligand that can activate this pathway because compound mutants 
between Gdf11 and its close relative Mstn had enhanced skeletal 
abnormalities, suggesting that these genes share redundant functions in 
axial patterning (McPherron et al., 2009). 
 Perturbations in Gdf11 signaling produced shifts in the 
expression of some Hox genes both in mouse and in chicken (Liu, 
2006; McPherron et al., 1999; Szumska et al., 2008). This suggests that 
Hox genes could be involved downstream of Gdf11 in the control of 
AP patterning processes during vertebrate development. Accordingly, 
loss of Gdf11 resulted in the activation of Hox genes of posterior 
groups (Hox9 to 13) at more caudal positions, whereas gain-of-function 
experiments resulted in the opposite effect (Liu, 2006; McPherron et 
al., 1999; Szumska et al., 2008). Interestingly, Gdf11 seems to exert its 
function by enhancing Fgf8 ability to induce posterior Hox genes in 
tissue explants (Liu et al., 2001). Whether this is the case in the mouse 
remains to be determined. 
 
I.5.b- Anterior-posterior patterning of non-axial structures 
In addition to the axial skeleton, other anatomical properties of the 
vertebrate body present defined patterns along the AP axis. Of 
particular relevance for this thesis is the position of the limbs or 
equivalent structures. Similar to the axial formula, limb position is 
variable among species, but constant within a given species. In fact, 
limbs are positioned at the level of regional transitions along the body. 
Whereas forelimbs are located at the transition from the cervical region 
to the trunk, the hindlimbs are positioned at the transition from the 
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trunk to the tail region (Fig. 10) (Burke et al., 1995). This suggests the 
existence of conserved mechanisms coupling patterning of the axial 
skeleton with non-axial structures. 
 Limbs arise from specific areas of the LPM, called limb fields, 
in which directional cell behaviors, such as migration, intercalation and 
division, drive their outgrowth (Boehm et al., 2010). In the mouse, the 
forelimb bud arises at E9.0 at the level of somites 8-9 to 13-14, whereas 
the hindlimb buds are formed around E10.0, at the level of somites 23-
24 to 28-29. However, as the embryo grows, the hindlimb position 
shifts from the initial level to somites 34-35 (Burke et al., 1995). The 
molecular mechanisms responsible for limb induction and 
morphogenesis are relatively well known (Bénazet and Zeller, 2009; 
Capdevila and Izpisúa Belmonte, 2001; Fernandez-Teran and Ros, 
2008; Rabinowitz and Vokes, 2012; Zeller et al., 2009). Interestingly, 
while many of the growth and patterning mechanisms seem to be 
conserved to a large extent between the forelimb and hindlimb buds, 
the key regulators for the initial induction and patterning seem to differ. 
In particular, forelimb bud induction requires Tbx5 activity and Hox9 
genes for initial patterning events. Whereas Tbx5 activates the crucial 
expression of Fgf10 in limb mesenchyme (Agarwal et al., 2003; Ng et 
al., 2002; Ohuchi et al., 1997), Hox9 genes activate the Hand2-Shh 
pathway in the zone of polarizing activity (ZPA) (Fig. 10D) (Xu and 
Wellik, 2011). On the other hand, induction of the hindlimbs depends 
on Tbx4 and the LIM-homeodomain protein Isl1. Tbx4 has an 
equivalent role of Tbx5, activating Fgf10 in the hindlimbs, but it is not 
exclusively required for its expression (Naiche and Papaioannou, 2003, 
2007). Similarly to Hox9 genes in the forelimbs, Isl1 activates the 
79 
 
Hand2-Shh pathway in the ZPA of the hindlimbs (Fig. 10D) (Itou et al., 
2012). 
 
 
Figure 10. Regional transitions along the AP axis. A-C Axial formulae of chicken and mouse (adapted 
from Burke et al. 1995). A A HH25-26 chick embryo and B a E13.5 mouse embryo stained with alcian 
green and cleared in methyl salycilate. Vertebral numbers are indicated. C Schematic representation 
comparing the axial formulae of chicken and mouse. Black bars represents spinal nerves contributing to the 
brachial plexus. D Schematic representation of limb initiation, summarizing distinct regulatory mechanisms 
between forelimb and hindlimb (modified from Zeller et al. 2009 after Itou et al. 2012). 
  
 Given the importance of Hox genes in AP patterning, these 
genes have been considered major candidates to control the position of 
the limbs (reviewed by Capdevila and Izpisúa Belmonte, 2001). 
However, genetic experiments in the mouse do not seem to support this 
hypothesis entirely (Van den Akker et al., 2001; Chen et al., 1998; 
Cohn and Bright, 1999; McIntyre et al., 2007; Rancourt et al., 1995; 
Wellik and Capecchi, 2003). This raises the possibility that Hox genes 
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are not major players in setting the position of the limbs along the AP 
axis. Alternatively, the limb fields could be specified through a 
combination of Hox genes in the LPM that so far escaped identification 
(reviewed by Capdevila and Izpisúa Belmonte, 2001). 
 Specification of the forelimb field seems to be connected with 
the posterior restriction of the heart field through the activity of RA, 
which downregulates Fgf8 expression in the LPM of the zebrafish 
(Waxman et al., 2008; Zhao et al., 2009). In the mouse, RA produced in 
the paraxial mesoderm activates Tbx5 and Hand2 in the LPM, in 
addition to upregulating Hox9 genes in the forelimb field (Mic et al., 
2004; Niederreither et al., 2002). Interestingly, the Tbx5 gene contains 
regulatory regions that respond to Hox proteins of the paralog groups 4 
and 5 (Minguillon et al., 2012). Likewise, the induction of the pectoral 
fin in zebrafish by RA signaling is mediated by Hoxb5b (Grandel and 
Brand, 2011; Waxman et al., 2008; Zhao et al., 2009). These 
observations bring back the possibility that Hox genes could be 
implicated in determining the position of the forelimb bud. 
 The observation that vertebrates with extended trunks usually 
exhibit loss of the hindlimbs raises the possibility that the transition 
from trunk to tail may share a common regulation with the specification 
of the hindlimbs and cloaca. Indeed, Hox genes have also been 
suggested to play a role in the positioning of the trunk to tail transition 
(Burke et al., 1995). Expression analyses in vertebrates with long 
trunks, such as snakes and caecilians, revealed that activation of Hox 
genes from paralog groups 10 to 13 was delayed when compared to 
other vertebrates with shorter trunks (Di-Poï et al., 2010; Woltering et 
al., 2009). Similar to vertebrates bearing shorter trunks, but not 
necessarily short bodies (e.g. some lizards), the activation of these 
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genes first occurred at the axial level corresponding to the end of the 
trunk (Di-Poï et al., 2010; Woltering et al., 2009). This suggests that 
Hox genes of these posterior groups, particularly those of the groups 10 
and 11, could be involved in setting the position of the trunk to tail 
transition and, consequently, the hindlimb bud. However, genetic 
studies in the mouse do not support this hypothesis, since total 
inactivation of either Hox10 or Hox11 genes had no apparent effect on 
the position of the hindlimbs, despite their strong phenotypic 
consequences on the axial skeleton (Wellik and Capecchi, 2003). 
Likewise, ectopic expression of members of these paralog groups or of 
the Hox6 group produced major alterations in the axial skeleton without 
obvious effects on the position of the hindlimbs (Carapuço et al., 2005; 
Vinagre et al., 2010; Young et al., 2009). 
 Together, the aforementioned findings raise the question on the 
role of Hox genes in specifying non-axial structures along the AP axis. 
The study of Hox function, however, is hampered by the redundancy 
within members of a paralogous group (Van den Akker et al., 2001; 
McIntyre et al., 2007; Wellik and Capecchi, 2003). It is still possible, 
therefore, that alterations in the trunk to tail transition level and in limb 
position resulting from loss-of-function approaches can only be 
observed upon the concerted inactivation of all Hox genes involved in 
such processes, similar to what is observed in the patterning of the axial 
and limb skeleton. The mechanisms responsible for these changes 
during mouse development are the focus of this thesis. The existence of 
mutants in the Gdf11 pathway that exhibit simultaneous alterations in 
several aspects of axial and non-axial patterning opens the possibility to 
investigate these mechanisms in conjunction. Moreover, the key 
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importance of Wnt/β-catenin signaling in the posterior growth of the 
vertebrate embryo is also addressed in this thesis. 
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Thesis Aims 
 
General Aim 
To investigate molecular mechanisms controlling vertebrate axial 
extension and trunk to tail transition. 
 
Specific Aims 
 1. To determine the role of Gdf11 signaling on the regional 
transition from trunk to tail in the mouse; 
 2. To address the role of Wnt/β-catenin signaling during the 
formation of distinct mesodermal compartments during axial extension; 
 3. To investigate the mechanisms controlling tail elongation. 
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Chapter II  
GDF11 controls trunk to tail transition by modulating the activity 
of axial progenitors 
adapted from 
Jurberg AD, Aires R, Nóvoa A, Mallo M. Switching axial progenitors 
from producing trunk to tail tissues in vertebrate embryos. Submitted 
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II.1 - Summary 
The vertebrate body is made by progressive addition of new tissue from 
progenitors at the posterior embryonic end. Although this process is 
continuous, extension through the trunk and tail regions involves 
different mechanisms, ultimately resulting in the production of internal 
organs associated with the trunk but not the tail. The transition from 
trunk to tail is a complex process that combines controlled depletion of 
the progenitors for intermediate and lateral mesoderm, switch from 
primitive streak (PS) to tail bud-mediated axial extension and induction 
of the hindlimbs and cloaca. We show that Gdf11 signaling is a major 
coordinator of this transition. In the absence of Gdf11 the switch from 
trunk to tail formation is substantially delayed and precocious 
activation of this signaling anticipates the trunk to tail transition, 
bringing the hindlimbs and cloaca next to the forelimbs and leaving 
extremely shortened trunks. During this process Gdf11 signaling 
activates Isl1 in the progenitor cells of the lateral mesoderm, promoting 
the formation of the hindlimbs and cloaca-associated mesoderm as the 
product of the terminal differentiation of these progenitors. Gdf11 also 
coordinates the repositioning of the bipotent neuromesodermal (N-M) 
progenitors from the anterior PS and adjacent epiblast to the tail bud, in 
part by reducing the retinoic acid available to the progenitors. Later, 
Gdf11 activity is required in the tail bud for the progressive and 
regulated termination of the main embryonic axis, an activity that might 
be mediated by Hox genes. 
 
II.2 - Background 
Vertebrates display a large diversity of body shapes and sizes. Despite 
such morphological variations, their primary body axis is always 
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generated from head to tail through a similar principle, consisting of the 
progressive addition of new tissue at the posterior end of the embryo 
(reviewed in Stern et al., 2006; Wilson et al., 2009). This process 
requires a fine balance between the maintenance of progenitor pools 
and the continuous production of cells that form the different body 
structures. Cells leaving the axial progenitor pools at different stages 
during the elongation process execute patterning and differentiation 
programs that are specific to each particular axial level. This ultimately 
results in the formation of a properly structured body. Quantitative and 
qualitative differences in these general processes are the basis of 
vertebrate body shape diversity. One of the most important components 
of anterior-posterior (AP) regional variation is the portion of the 
postcranial body occupied by the neck, trunk, and tail. For instance, the 
prototypical snake’s body has a very long trunk and rather short neck 
and tail. In contrast, birds exhibit long necks and reduced tails, whereas 
some lizards have fairly short necks and trunks, but very long tails. 
Thus, elucidating the mechanisms that control this regional 
organization is essential to understand the evolution of the vertebrate 
body plan. 
 The transition from trunk to tail is one of the key elements in 
AP organization of the vertebrate body. While the trunk holds most of 
the vital and reproductive organs, the tail is basically composed of 
vertebrae and its associated muscles. These differences reflect major 
changes in developmental mechanisms during axial extension. From an 
embryological perspective, trunk tissues require an extensive 
contribution from all three germ layers, including the lateral and 
intermediate components of the mesoderm, which in concert with the 
endoderm originate the trunk-associated organs (Carlson, 1999). 
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Conversely, tail tissues are mostly derived from the paraxial mesoderm 
and ectoderm. This means that the trunk to tail transition marks the 
posterior end of the endoderm, as well as of the lateral and intermediate 
mesoderm. Interestingly, this is associated with the induction of the 
hindlimb buds from the lateral mesoderm and with the activation of 
particular molecular programs in the ectoderm, hindgut endoderm, and 
ventral lateral mesoderm, which result in the production of the 
embryonic cloaca (Suzuki et al., 2009). The consequences of this 
embryological feature are still patent in the adult animal as the end of 
the trunk typically correlates with the position of the cloaca and its 
derivatives (mostly represented by the caudal end of the digestive, 
reproductive and excretory systems), and of the hindlimbs, if the 
animal has them. 
 The trunk to tail transition is also associated with a switch in the 
mechanism guiding embryonic axial growth. Trunk formation is driven 
by a midline structure called the primitive streak (PS), in which 
ingressing cells from the epiblast generate the embryonic mesoderm 
and definitive endoderm (Psychoyos and Stern, 1996; Wilson and 
Beddington, 1996). Conversely, caudal growth during tail formation is 
associated with the activity of the tail bud (Kanki and Ho, 1997; 
Schoenwolf, 1977). This change in the mode of axial growth involves 
the relocation of axial progenitors from the PS and adjacent areas of the 
epiblast to the caudal neural hinge (CNH) at the posterior end of the tail 
bud (Cambray and Wilson, 2002, 2007; Wilson and Beddington, 1996). 
In addition, it reflects the way in which new tissues are formed at the 
posterior embryonic end. The best documented example is that of 
neural tube formation (Gofflot et al., 1997; Schoenwolf, 1984). In the 
trunk, neural tube development relies on primary neurulation, whereby 
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the neural tube results from the folding of the neural plate. In contrast, 
spinal cord formation in the tail is made by secondary neurulation, 
characterized by the formation of a rod-like structure that then hollows 
to create a tube (Gofflot et al., 1997; Schoenwolf, 1984). 
 The mechanisms controlling the trunk to tail transition are 
largely unknown, despite their importance. As for other aspects of AP 
regional patterning, most of the studies involving differences between 
the trunk and the tail have focused on their associated skeleton 
(reviewed by Mallo et al., 2009, 2010; Wellik, 2007). In the adult 
animal, the trunk typically expands through the thoracic and lumbar 
segments of the vertebral column, whereas the transition to the tail 
occurs through the sacrum and the tail itself is comprised by caudal 
vertebrae. Regional specification of these skeletal segments results 
from the execution of distinct patterning programs during 
differentiation of the somitic mesoderm (reviewed by Mallo et al., 
2009, 2010; Wellik, 2007). Although coordinated with the networks 
controlling other aspects of trunk and tail development, these 
mechanisms mostly operate within the paraxial mesoderm and cannot 
account for such transition. Indeed, a variety of genetic experiments in 
the mouse indicate that the embryo can undergo major patterning 
changes in their axial skeletons with very little or no obvious effects on 
hallmarks of the trunk to tail transition, such as the position of the 
hindlimbs (Carapuço et al., 2005; McIntyre et al., 2007; Vinagre et al., 
2010; Wellik and Capecchi, 2003). There are a few mutant phenotypes, 
however, that are suggestive of a simultaneous alteration in several 
aspects of the trunk to tail transition. Those associated with the 
inactivation of Gdf11 signaling in mice are particularly interesting, as 
they produce a global anteriorization of the axial skeleton (Andersson 
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et al., 2006; Essalmani et al., 2008; McPherron et al., 1999; Oh et al., 
2002; Szumska et al., 2008). Mutants for members of this pathway 
generally present 16-18 thoracic and 7-8 lumbar segments instead of 
the wild type 13 and 6 vertebrae, respectively. In these mutants, 
transformations in the axial skeleton are associated with a posterior 
displacement of the hindlimbs by about 6-8 vertebral units, as well as 
several abnormalities in the urogenital system (Andersson et al., 2006; 
Esquela and Lee, 2003; McPherron et al., 1999; Oh et al., 2002; 
Szumska et al., 2008). 
 Here, we show that Gdf11 signaling is a major regulator of the 
trunk to tail transition during vertebrate development. Whereas loss of 
Gdf11 delays the specification of the cloaca and the induction of the 
hindlimbs, precocious activation of Gdf11 signaling in the epiblast 
using a constitutively active form of its receptor, Alk5CA, produces a 
remarkable anteriorization of these structures, with a concomitant 
reduction in trunk length. Strikingly, by using different promoters, we 
show that this activity is required in the axial progenitors of the epiblast 
and not in the derived mesoderm. We present evidence that the switch 
from trunk to tail progenitors requires a combination of several 
processes. These include activation of Isl1 in the progenitors for the 
lateral mesoderm, which results in the induction of the hindlimb buds 
and cloacal tissues. The regulation of Isl1 expression by Gdf11 
signaling seems to be mediated by direct control of a relevant enhancer 
of Isl1 that is specifically active during this transition. In addition, 
Gdf11 signaling is involved in the orderly relocation of the bipotent N-
M progenitors from the PS to the tail bud, a process that requires 
inactivation of retinoic acid signaling. Finally, Gdf11 signaling seems 
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to be involved in the progressive termination of the tail, an activity 
likely mediated to some extent by the activation of Hox11 genes. 
 
II.3 - Results 
 
Loss of Gdf11 delays trunk to tail transition in mice 
Gdf11 mutant newborn animals present anterior homeotic 
transformations along the axial skeleton, with posterior displacement of 
the hindlimbs by 6 to 8 vertebrae (McPherron et al., 1999). Analysis of 
these mutants at embryonic day (E)11.5 revealed that the hindlimb buds 
were indeed more posteriorly located, producing an increased interlimb 
(trunk) region by 5 or 6 somites when compared to wild type embryos 
(Fig. 11A,B). At this stage, Gdf11 mutant hindlimbs were visibly 
smaller than those of their wild type littermates (Fig. 11A,B), which 
contrasted with their normal morphology at E18.5 (Fig. 11C,D). 
Embryonic staging based on hindlimb morphology (Boehm et al., 
2011) revealed that the hindlimbs of E10.5 and E11.5 Gdf11 mutant 
embryos corresponded to those of younger wild type embryos by about 
6 and 17 hours, respectively (Fig. 11E). This observation raised the 
possibility that hindlimb specification is delayed in Gdf11 mutant 
embryos. Consistent with this hypothesis, analysis of Tbx4 expression, 
an early hindlimb marker (Gibson-Brown et al., 1996), revealed that the 
hindlimb fields were first identified at an axial level 5-6 somites more 
posterior in Gdf11 mutants than in wild type embryos (Fig. 11F,G). 
These results suggest that Gdf11 is involved in establishing the position 
at which the hindlimb is induced along the AP axis. 
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Figure 11. Delayed hindlimd development in Gdf11 mutants. A,B Gross morphology of representative 
wild type and Gdf11 mutant embryos at E11.5. The smaller size of the hindlimb was evident in the mutants. 
Somite counting in the interlimb region is indicated. C,D Hindlimb skeletons of E18.5 wild type and Gdf11 
mutant fetuses revealed normal morphology in the mutants. E Estimation of embryonic age of E10.5 and 
E11.5 wild type and Gdf11-/- embryos according to the size of the hindlimbs. The data are reported as mean 
± SEM. ***, P<0.0001. F,G Identification of hindlimb induction (evidenced by Tbx4, arrows) with respect 
to somite number (evidenced by Uncx4.1) at E10.0. Hindlimbs are induced at the level of somite 21 and 26, 
respectively. 
 
 Given the correlation between the hindlimbs and the trunk to 
tail transition, the above results raise the possibility that Gdf11 
signaling plays a fundamental role in setting this transition. Consistent 
with this, other hallmarks of the trunk to tail transition were also 
posteriorly displaced in Gdf11 mutants, compared with wild type 
littermates. In particular, we examined both endodermal (Shh and Fgf8 
expression) (Fig. 12A-D) and mesodermal (Isl1 and Raldh2 expression) 
(Fig. 12E-H) components of the developing cloaca. In Gdf11 mutants, 
these markers were expressed next to the posterior end of the hindlimb 
buds, similar to what was observed in wild type embryos, revealing that 
the primordium of the cloaca was also located at a more posterior 
absolute axial level. In addition to the posterior displacement of the 
hindlimb buds and the cloaca, formation of other tissues and structures 
typically associated with the trunk was caudally extended in Gdf11 
mutant embryos. For instance, expression of Raldh2 and Pax2 revealed 
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a posterior elongation of the intermediate mesoderm, which is the 
precursor of the urogenital tract (Fig. 12G-J). Similarly, the visceral 
Figure 12. Posterior displacement of the trunk to tail transition in Gdf11 mutants. Whole-mount in
situ hybridization of wild type (A,C,E,G,I,K) and Gdf11 mutant embryos (B,D,F,H,J,L). A,B Endodermal
component of the cloaca (arrows) evidenced by Shh expression at E11.5. C,D Cloacal and urethral
epithelium is revealed by Fgf8 expression (arrows) at E11.5. Gdf11 mutants exhibited increased expression
of Fgf8 in the tail bud (arrowheads). E,F Mesodermal component of the cloaca evidenced by Isl1
expression at E10.0. * marks the site of hindlimb outgrowth. G,H Raldh2 expression revealed an extended
mesodermal component of the developing cloaca (arrows) at E11.5. Mutants also exhibited altered
expression in the tail (arrowheads). I,J Extended formation of intermediate mesoderm as identified by
Pax2 expression (arrows) at E10.5. Downregulation of Pax2 expression was also observed in the tail of the
mutants (arrowheads). K,L Visceral lateral mesoderm revealed by Wnt2 expression (arrows) at E11.5. 
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lateral mesoderm extended to more caudal levels, as evidenced by the 
expression of Wnt2 (Fig. 12K,L). Altogether, these results show that 
the trunk to tail transition was posteriorly displaced in Gdf11 mutants 
and that this was associated with a concomitant extension of trunk-
associated tissues to cover the body up to the cloacal level. They also 
indicate that the alterations observed in the axial skeleton of these 
mutants (McPherron et al., 1999) are just one manifestation of a more 
global deregulation of AP patterning processes. 
 
Alk5 activation in the epiblast anteriorizes the trunk to tail transition 
To explore whether Gdf11 signaling is able to dominantly control the 
trunk to tail transition, we took a gain of function approach in mouse 
embryos. Genetic and biochemical experiments revealed that Gdf11 
first binds Acvr2b to form a complex that then activates Alk5 (also 
known as Tgfbr1) to initiate a signaling cascade mediated by Smad2 
(Andersson et al., 2006; Ho et al., 2010; Liu, 2006; Oh et al., 2002). 
Accordingly, it has been suggested that the start of Gdf11 functional 
activity is determined by Alk5 availability, which in axial tissues seems 
to start at around E9.0 (Andersson et al., 2006). Therefore, for our gain 
of function experiments we produced transgenic embryos expressing a 
constitutively active version of Alk5 (Alk5CA), which signals 
independently of the ligand (Charng et al., 1996; Wieser et al., 1995). 
 We first expressed Alk5CA using an enhancer element of the 
Cdx2 gene (Cdx2P-Alk5CA transgenics), which is active from E7.5 in 
the posterior part of the embryo, including the caudal lateral epiblast 
(CLE) and the PS (Benahmed et al., 2008; Gaunt et al., 2005). Cdx2P-
Alk5CA embryos exhibited strong phenotypes affecting posterior 
embryonic growth, which could be classified in two groups. The most 
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severe phenotypes included a drastic axial truncation leaving very little 
tissue posterior to the forelimbs (see below). This phenotype did not 
permit the analysis of patterning processes in the trunk region of these 
embryos. Another group of Cdx2P-Alk5CA embryos, however, exhibited 
milder phenotypes, extending their AP axis beyond the forelimb bud 
level. These embryos had short bodies but contained clearly 
recognizable hindlimbs and tails, and preserved fairly normal overall 
regional organization (Fig. 13). Interestingly, their hindlimbs were 
located very close to the forelimbs, leaving extremely short trunks 
spanning 0-6 misshapen somites in contrast to the typical 12-13 somites 
observed in wild type E10.5 embryos (Fig. 13). The position of the 
anteriorized hindlimbs was often asymmetric and in one transgenic 
embryo the hindlimb buds were duplicated. In these embryos the cloaca 
also developed in a more anterior location, maintaining its relative 
anatomical position with respect to the hindlimbs (Fig. 13). Globally, 
these phenotypes were essentially the opposite to those observed in 
Gdf11 mutant embryos, thus reinforcing the important role of 
Gdf11/Alk5 signaling in establishing the position of the trunk to tail 
transition. However, we were not able to recover any affected Cdx2P-
Alk5CA transgenic at a stage that allowed direct evaluation of AP 
patterns in the axial skeleton. The anterior expression boundaries of 
Hoxa9 and Hoxc10 at E10.5 were anteriorized to maintain their 
position relative to the hindlimb bud, indicating altered AP patterns in 
the paraxial mesoderm and neural tube (Fig. 13I-L). This observation is 
consistent with previous Gdf11 gain of function experiments in chicken 
embryos (Liu, 2006). Altogether, these results indicate the existence of 
a global and coordinated posteriorization of the body plan of Cdx2P-
Alk5CA transgenic embryos that involves tissues from all germ layers. 
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Figure 13. Anteriorization of the trunk to tail transition in Cdx2P-Alk5CA transgenic embryos. 
Analysis of different aspects of AP patterning in E10.5 wild type (A,C,E,G,I,K) and Cdx2P-Alk5CA 
(B,D,F,H,J,L) embryos. * indicates the hindlimbs. A,B Lateral mesoderm and hindlimbs evidenced by 
Hand2 expression. C,D Visceral lateral mesoderm evidenced by Wnt2 expression (arrows). E,F 
Mesodermal component of the cloaca evidenced by Isl1 expression (arrows). G,H Endodermal component 
of the cloaca by Shh expression (arrows). Trangenics exhibited diffused expression of Shh in the hindlimbs 
(bracket). I,J Expression of Hoxa9. Arrows mark the anterior limit of expression in the neural tube. K,L 
Expression of Hoxc10. Arrows mark the anterior limit of expression. Arrowhead indicates ectopic 
expression in the neural tube in the transgenics. The bracket indicates a duplicated hindlimb. 
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 It has been reported that the Cdx2 enhancer used in these 
experiments is active in both the axial progenitor-containing posterior 
epiblast and in the underlying mesodermal compartments (Benahmed et 
al., 2008). To evaluate if the phenotypes observed in the Cdx2P-Alk5CA 
transgenics derived from Alk5 activity in the epiblast or in the 
mesodermal compartments, we overexpressed Alk5CA in the paraxial 
mesoderm using the Dll1-msd enhancer (Beckers et al., 2000) and in 
the lateral mesoderm using a Hoxb6 enhancer (Becker et al., 1996). We 
could not identify any abnormality in any of these transgenics (n=21 
and n=22, respectively), indicating that the phenotypes observed in 
Cdx2P-Alk5CA transgenics are most probably derived from the 
activation of Alk5 signaling in the epiblast and not in the derived 
mesodermal compartments. 
 Taken together, our results indicate that Gdf11/Alk5 signaling is 
a key modulator of the transition from trunk to tail in the mouse. In 
addition, they show that this signaling is required in the epiblast and it 
is therefore very probable that it primarily acts on the axial progenitors. 
This suggests that Gdf11 signaling might be involved in the modulation 
of the different functional changes in these progenitors driving their 
switch from making trunk to tail tissues. 
 
Altered tail bud organization in Gdf11 mutant embryos 
A typical characteristic of Gdf11 mutant skeletons is their truncation at 
the sacral/caudal level (McPherron et al., 1999). In midgestation 
embryos, we found that the tails of Gdf11 mutant embryos exhibited 
variable phenotypes, typically being distally thinner than in wild type 
embryos and duplicated in a proportion of them (Fig. 14). The presence 
of somites in both dorsal an ventral regions of the duplicated tails led us 
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to further examine tail growth in Gdf11 mutants. Expression of the 
nascent mesoderm marker T (Brachyury) revealed deviations from the 
normal expression pattern already at E9.5, during the trunk to tail 
Figure 14. Abnormal tail growth in Gdf11 mutants. A,B Tail morphology of E10.5 embryos observed by
confocal microscopy. Note the somites in both sides of the split tail in mutants. scale bar = 200 µm. C-K
Whole-mount in situ hybridization for T (Brachyury) in wild type (C-F) and Gdf11 mutant embryos (G-K).
Arrows and arrowheads indicate abnormal T expression in mutant tails. * marks hindlimb position. L,M
Sagittal sections of the posterior region of wild type and Gdf11 mutant fetuses at E15.5. The arrow
indicates the ectopic neural tissue ventral to the vertebral column in the mutants. V vertebral column; NT
neural tube; Bl bladder; K kidney; L liver; I intestine; GT genital tubercle. 
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transition when the mutant phenotype was still not morphologically 
evident. Transcripts for this gene were distributed in a broader domain 
that extended anteriorly through the prospective tail tip of Gdf11-/- 
embryos (Fig. 14C,G). This broadening was progressively resolved into 
a distinct domain, which appeared to segregate by E10.5 (Fig. 14D,H). 
In these embryos, distal thinning of the tail bud started to become 
evident. At E11.5 we could observe two or three distinct T-positive 
domains along the ventral side of the tails of Gdf11 mutants, from their 
tip to the posterior border of the hindlimb buds, even in embryos 
without split tails (Fig. 14E,I). In embryos with split tails, T  was 
expressed at both tail tips (Fig. 14J). Interestingly, in all Gdf11-/- 
embryos analyzed at E11.5 we found an ectopic T-expression domain 
located next to the hindlimbs, regardless of whether or not their tails 
were split (Fig. 14E,I,J). Surprisingly, although these cells were 
positive for T, we could not identify ectopic formation of mesodermal 
tissues in the caudal end of the Gdf11 mutants. At E12.5, mutant tails 
were very thin and T expression was very weak in the tail tip(s). The 
ventral pool of T-positive cells was no longer observed (Fig. 14F,K). 
Instead, we observed ectopic neural tissue ventrally located outside the 
vertebral column at later stages (Fig. 14L,M), which is consistent with 
previous analysis of both Gdf11 and Pcsk5 mutant embryos (Szumska 
et al., 2008). These findings led us to hypothesize that the T-positive 
cells that failed to become incorporated into the CNH may comprise 
bipotent N-M axial progenitors that subsequently differentiated into 
neural tissue. Accordingly, it has been recently established that the 
bipotent N-M progenitors in the tail bud take a neural fate in the 
absence of Wnt3a activity (Martin and Kimelman, 2012; Takemoto et 
al., 2011). 
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 To address this hypothesis, we examined a number of other 
genes that have been previously associated with the posterior growth of  
the tail. In general, the expression patterns observed in Gdf11 mutant 
tails suggest a splitting of the posterior organizing area (Fig. 
12C,D,G,H, 14 and 15). In particular, we found ventral expression of 
the neural progenitor marker Sox2 (Fig. 15A-D) and expanded 
expression of Foxa2 in the tails of the mutants (Fig. 15E-H). Fgf8 
expression was upregulated in the tail tip(s) and in the AER of the 
hindlimbs, which could also be consequence of the growth delay of 
mutant hindlimbs (Fig. 12C,D). Conversely, Wnt3a and Mesp2 
expression were downregulated in the mutants (Fig. 15I-P). Their levels 
of expression were higher in the ventral region than in the dorsal part in 
mutants bearing split tails (Fig. 15I-P). In turn, Uncx4.1 expression 
seemed unaltered, except by a condensed ectopic domain at the tail tip 
of the mutants (Fig. 15Q-T). Cdx2 expression exhibited a ventral 
compact domain in the mutants at E10.5 (Fig. 16A-D), which seemed 
to correlate with the abnormal accumulation of blood from E10.5 
onwards (Fig. 16E-H). As a consequence, the dorsal region of mutant 
tails became gradually deprived of blood vessels and tails truncate due 
to increased apoptosis at later stages (Fig. 16I-L). No other tested 
marker labeled the T-positive cells that lagged behind during tail 
growth of Gdf11 mutants (Fig. 15). 
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 Altogether, our findings are consistent with an abnormal 
transition from the PS to CNH in the absence of Gdf11 activity. Loss of 
Gdf11 seems to affect the behavior of axial progenitors during the 
establishment of the CNH. Thus, cells that are normally fated to take 
part of the tail bud becomes split into several domains along the tail. 
Figure 15. Abnormal tail bud organization in Gdf11 mutants. Whole-mount in situ hybridization of
wild type (A,B,E,F,I,J,M,N,Q,R) and Gdf11 mutant embryos (C,D,G,H,K,L,O,P,S,T). A-D Sox2
expression revealed ectopic neural progenitors in the ventral region of mutant tails (arrows). Arrowhead
indicates anteriorization of the dorsal domain of expression. E-H Expansion of the Foxa2 expression 
domain in Gdf11 mutants at E10.5 (arrow). I-L Downregulation of Wnt3a expression in Gdf11 mutants 
(arrows). Arrowhead indicates an ectopic domain. M-P Altered Mesp2 expression in Gdf11 mutants. 
Arrowhead indicates a faint domain in the dorsal split tail, whereas the ventral split tail exhibits fairly
normal expression (arrow). Compare with Wnt3a in situ hybridization. Q-T Uncx4.1 expression revealed 
unaltered somites, except by an ectopic expression domain in the tail tip of mutants at E11.5 (arrow). 
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This results in ectopic expression of various genes involved in tail 
growth and we hypothesize that the split might result from the number 
(or specific characteristics) of progenitors trapped halfway through the 
tail. If the number is large enough, a ventral budding generates another 
tail. In turn, ectopic expression of Cdx2 at E10.5 may underlie the 
abnormal formation of blood vessels, that ultimately results in tail 
truncation due to increased cell death. This finding is in agreement with 
the observation that Cdx genes induce posterior lateral plate mesoderm 
for hematopoietic differentiation (reviewed by Lengerke and Daley, 
2012). 
 
 
Figure 16. Abnormal blood vessel formation and tail truncation in Gdf11 mutants. A-D Whole-mount 
in situ hybridization for Cdx2 in wild type (A,B) and Gdf11 mutant embryos (C,D) revealed an ectopic 
domain of expression in mutant tails at E10.5, that disappeared at E11.5 (arrows). Note upregulation of 
Cdx2 expression in the mutants. E-H Whole-mount immunostaining for PECAM-1 evidenced a ventral 
increase in blood vessels at the ventral region and an impairment in vascularization at the dorsal region of 
mutant tails (arrows). I-L Increased cell death in Gdf11 mutants at E12.5 as evidenced by TUNEL 
reactions (arrow). 
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Gdf11 is required to reduce RA levels during the transition from PS 
to CNH 
It has been reported that the tail truncation of Gdf11-/- fetuses can be 
partially rescued by pharmacological inhibition of retinoic acid (RA) 
signaling at E8.5 and E9.5 (Lee et al., 2010). This timing of treatment 
fits with the PS to CNH transition, which raises the possibility that the 
tail rescue may have resulted from the recovery of this process. To test 
this possibility, we analyzed how treatment with the RA inhibitor 
AGN193109 affects tail bud development in Gdf11 mutants. We found 
that increasing the treatment period in one day by starting at E7.5 
improved tail morphology (Fig. 17A,B,D), but affected head 
development in the mutants (not shown). Notwithstanding some degree 
of variability (probably resulting from different efficiencies of the 
treatment), the tails of these embryos at E10.5 were consistently longer 
and thicker than those of untreated Gdf11-/- embryos, some of them 
resembling the tails of wild type embryos (Fig. 17A,B,D). In addition, 
we did not find any embryo with a split tail. T expression in the caudal 
end of these embryos also showed some variability but in most 
embryos it was restricted to the tail tip without ectopic T-expressing 
domains (Fig. 17D). Consistent with these results, we found that wild 
type embryos expressed the RARγ in a condensed domain in the tail, 
which seemed to localize with the CNH region within the tail bud. 
Conversely, Gdf11 mutants exhibited spread expression of RARγ in the 
tail bud (Fig. 17E-H), suggesting that CNH cells were disorganized. 
Together, these findings indicate that inhibition of RA signaling 
produces a significant reversion of the abnormalities observed in the PS 
to CNH transition typically observed in Gdf11 mutants, placing RA 
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signaling as a key element causing the abnormal behavior of axial 
progenitors in Gdf11 mutant embryos. 
 
 
Figure 17.  Impact of RA signaling on Gdf11 mutant tails. Whole-mount in situ hybridization of wild 
type (A,E,F) and Gdf11 mutant embryos (B-D,G,H). A-D Expression of T in untreated wild type (A) and  
Gdf11 mutant (B) embryos, as well as in RA-treated (C) and RA-inhibitor-treated (D) Gdf11 mutant 
embryos. Arrows and arrowhead show ectopic T domains. Note the rescue of T expression in D. E-H Rarg 
expression in the tail bud of wild type embryos (E,F) revealed a condensed domain in the CNH (arrows). 
Mutant embryos exhibited an enlarged domain of expression at E10.5 (arrow in G) and absence expression 
at E11.5 (H) due to tail truncation. 
 
 To further explore this hypothesis, we performed the 
complementary experiment and analyzed the effect of increased RA 
levels on the axial progenitors of Gdf11-/- embryos at the time of the PS 
to CNH transition. At E11.5, RA-treated mutant embryos had variable 
tail malformations that were always stronger than those observed in 
non-treated Gdf11 mutant embryos (Fig. 17C). Tail morphologies 
varied from hair-like shapes to the complete absence of the tail 
posterior to the hindlimbs, which fit with the stronger skeletal 
truncations described for Gdf11 mutants after similar treatments (Lee et 
al., 2010). T expression in the posterior part of these embryos was 
mostly restricted to the ectopic ventral domain, while expression in the 
remaining tail tip was severely reduced (Fig. 17C). It should be noted 
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that the low RA concentrations used in these experiments had no 
detectable effect on wild type embryos. Only higher concentrations of 
RA produce a similar effect on these embryos (Kessel, 1992). This 
indicates that Gdf11 mutants exhibit an increased sensitivity to RA. The 
effects that exogenous modulation of RA signaling has on the axial 
progenitors of Gdf11 mutants are consistent with the idea that the 
distribution of progenitors between the tail tip and the ectopic domains 
depends on RA signaling. Furthermore, these effects suggest that 
appropriate PS to CNH transition requires complete block of RA 
signaling in these progenitors. These results reinforce the interpretation 
that the truncated tail phenotypes observed in Gdf11 mutants are, at 
least to some extent, the result of a failure to undergo proper PS to 
CNH transition. 
 Because the strength of the Gdf11-/- axial progenitor phenotype 
can be altered by exogenous modulation of RA levels, it is probable 
that Gdf11 signaling is required to adjust the amount of available RA at 
the posterior embryonic end. Considering the essential role of Cyp26a1 
in RA degradation (Abu-Abed et al., 2001; Sakai et al., 2001), a 
possible mechanism for RA signaling control by Gdf11 activity is to 
regulate the expression levels of Cyp26a1 during the trunk to tail 
transition. Consistent with this, at the time of the PS to CNH transition, 
Cyp26a1 expression levels were reduced in the posterior end of Gdf11 
mutant embryos (Fig. 18A,B). This could be the origin of an uneven 
RA distribution along the AP axis, which would eventually result in the 
exposure of progenitor pools to critical levels of RA during the PS to 
CNH relocation. At later stages, however, Cyp26a1 expression levels 
were higher in the mutants, mainly in the dorsal region of the tail (Fig. 
18C-F). Since Cyp26a1 expression is induced by RA (White et al., 
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1996), this later upregulation may represent a response to compensate 
high levels of RA and protect the bipotent N-M progenitors in the tail 
bud. 
 
Figure 18. Cyp26a1 expression in Gdf11 mutants. Whole-mount in situ hybridization of wild type 
(A,C,E) and Gdf11 mutant embryos (B,D,F). A,B Decreased Cyp26a1 expression at equivalent stages of 
the trunk to tail transition (21 somites for wild type, 27 somites for Gdf11-/- embryos). C,D Partial retention 
of Cyp26a1-positive cells in the dorsal region of mutant tails at E10.5 (arrowhead). Cells that remain in the 
tip seem to increase Cyp26a1 expression (arrow). E,F Splitting of the tail in the mutants segregates the 
Cyp26a1 domain (arrows). Note increased levels of Cyp26a1 expression in comparison with the wild type 
littermate. 
 
Hox genes do not play a major role in establishing the AP position of 
the hindlimb 
The above results show that RA plays a role in Gdf11 function 
controlling the PS to CNH transition. However, inhibition of RA 
signaling had no or only minor effects on other aspects of the Gdf11 
mutant phenotype, including the axial formula and the hindlimb 
position (not shown) (Lee et al., 2010). This indicates that Gdf11 
signaling controls the axial position of the trunk to tail transition and 
the proper formation of the CNH through different mechanisms. 
108 
 
 The alterations in the axial formula can be explained by 
abnormal Hox gene expression in the paraxial mesoderm (Fig. 19A-F) 
(McPherron et al., 1999; Szumska et al., 2008). It is not clear, however, 
how Gdf11 signaling controls the changes related to the lateral 
mesoderm during trunk to tail transition that lead to the induction of 
structures such as the hindlimb buds. Analysis of Hoxa9 and Hoxc10 
expression in both Gdf11 mutant and Cdx2P-Alk5CA transgenic 
embryos showed that their activation followed the altered position of 
the hindlimbs (Figs. 13I-L and 19A-F), suggesting that Hox genes 
could control AP patterning in the lateral mesoderm during the trunk to 
tail transition. A few mutant phenotypes including genes of the Hox9, 
Hox10 and Hox11 groups have been reported to include a slight 
posterior displacement of their hindlimbs (Favier et al., 1996; McIntyre 
et al., 2007), but they seem too mild to support a major role for Hox 
genes in this process. To understand if the absence of stronger 
phenotypes resulted from functional redundancies (as observed for 
other Hox-dependent processes) we took a gain of function approach 
by precociously expressing the Hox genes of these paralogs in 
transgenic embryos. Only transgenics expressing a gene of the Hox9 
group (Hoxb9) in the epiblast showed a slight, yet consistent, anterior 
displacement of the hindlimbs by one segmental unit (1 somite at 
E10.5, which was translated into 5 instead of 6 lumbar vertebra at 
E18.5) (Fig. 19G-J). However, no obvious alterations in the hindlimb 
position were detected when Hoxa10, Hoxc10, or Hoxa11 were used in 
similar experiments. Also, combined expression of different Hox genes 
did not change the phenotypes obtained with individual Hox genes (not 
shown). Therefore, the results from both gain and loss of function 
approaches are not supportive of a major role of Hox genes in 
109 
 
specifying the hindlimb position along the AP axis during trunk to tail 
transition. 
 
 
Figure 19. Positioning of the hindlimbs is not strongly affected by Hox genes. Whole-mount in situ 
hybridization of wild type (A,C,E,G) and Gdf11 mutant embryos (B,D,F) or Cdx2P-Hoxb9 transgenics (H). 
A-F Analysis of Hox gene expression at E10.5. A,B Hoxc8. C,D Hoxa9 E,F Hoxc10. Arrows and 
arrowheads mark the anterior border of expression in the neural tube and paraxial mesoderm, respectively. 
In (E,F) they are coincident. G-J Effect of Hoxb9 on the trunk to tail transition. G,H The position of the 
hindlimb (evidenced by Tbx4) was analyzed in relation to somite number (evidenced by Uncx4.1) in E10.5 
wild type (G) and Cdx2P-Hoxb9 (H) embryos. Representative wild type and transgenic embryos exhibited 
interlimb regions with 12 and 11 somites, respectively. I,J Skeletal analysis of wild type (I) and Cdx2P-
Hoxb9 (J) fetuses at E18.5. The number of the last rib-containing vertebra (T13), the number of lumbar 
vertebra and the position of the first sacral vertebra (arrow) are indicated. 
 
Isl1 organizes the terminal differentiation of lateral mesoderm 
progenitors during trunk to tail transition 
Given the relatively minor effect of Hox genes on positioning the 
hindlimb, we investigated other factors that could mediate hindlimb 
induction by Gdf11 during the trunk to tail transition. We noticed that 
both Hand2 and Shh expression in the hindlimbs of Cdx2P-Alk5CA 
transgenics was not restricted to the posterior mesenchyme, but 
extended into more anterior areas of the hindlimb bud (Figs. 
13A,B,G,H and 20A,B). Isl1 has been shown to control a Shh/Hand2 
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network associated with hindlimb induction (Itou et al., 2012). This 
observation, together with cell tracing studies showing that this gene is 
specifically activated in the lateral mesoderm associated with the 
hindlimb and ventral lateral mesoderm (Yang et al., 2006), in addition 
to genetic experiments indicating that it is involved in early stages of 
hindlimb induction (Itou et al., 2012; Kawakami et al., 2011), suggest a 
possible role for Isl1 in patterning the lateral mesoderm during trunk to 
tail transition downstream of Gdf11 signaling. To test this possibility 
we first expressed this gene using the Cdx2P enhancer in transgenic 
embryos (Cdx2P-Isl1 transgenics). Although the observed phenotypes 
varied in intensity, these transgenics typically exhibited a more anterior 
position of the hindlimbs (Figs. 20C-H and 21A,B), which at E10.5 
could reach a position up to 6-8 somites away from the forelimb buds 
(Fig. 20E-F). In contrast to what we observed in Cdx2P-Alk5CA 
transgenics, the anteriorized position of the hindlimbs in Cdx2P-Isl1 
transgenics was associated with a truncation of the tail bud already 
evident at E10.5 (Fig. 20G-H'). At E18.5, this was reflected in the 
complete truncation after the 8th thoracic vertebra affecting both the 
axial skeleton and the neural tube (Fig. 21A-C,F). However, these 
fetuses had hindlimbs with strikingly normal skeletal morphology, 
which were “floating” within the soft tissue adjacent to the caudal end 
of the truncated axial skeleton (Fig. 21A,B). In addition, the digestive 
and excretory systems of Cdx2P-Isl1 transgenics had an organized 
opening to the exterior (Fig. 21D,G), although the urethra and rectum 
shared a common end (Fig. 21D,G). They also had recognizable 
external genitalia (Fig. 21D,G) and fully developed kidneys (Fig. 
21E,H). In contrast, we could not identify any sign of the gonads. 
These results indicate that the structures derived from the areas that are 
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normally associated with Isl1-positive tissues (e.g. the most caudal 
parts of the lateral and of the intermediate mesoderm) were largely not 
affected by the precocious activation of Isl1 in the epiblast. Areas that 
are normally not in contact with Isl1 activity, however, like the paraxial 
mesoderm, neural tube, and more anterior areas of the intermediate 
mesoderm (e.g. those forming the gonads) were strongly affected by 
expression of Isl1. 
 
Figure 20. Overexpression of Isl1 in the epiblast affects the trunk to tail transition. A,B Whole-mount 
in situ hybridization for Shh expression in wild type (A) and Cdx2P-Alk5CA transgenic (B) embryos at 
E10.5. C,D Gross morphology of wild type (C) and Cdx2P-Isl1 transgenic (D) fetuses at E18.5 revealed 
shortening of the AP axis with eventual truncation of the tail. E-H' Whole-mount in situ hybridization of 
wild type (E,G,G') and Cdx2P-Isl1 transgenic embryos (F,H,H') at E10.5. E,F Identification of hindlimb 
induction (evidenced by Tbx4) with respect to somite number (evidenced by Uncx4.1). Interlimb somite 
numbers are indicated in representative wild type and Cdx2P-Isl1 embryos. * marks the position of the 
forelimb in the transgenics. G,H' Disruption of posterior notochord (thin arrow) and abnormal tail bud 
organization (thick arrow) in the transgenics as revealed by T expression. Bracket marks hindlimb position, 
which is located 6 somites posterior to the forelimb bud in this embryo. Arrowhead indicates ectopic T 
expression. 
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Figure 21. Isl1 is involved in the terminal differentiation of the lateral mesoderm. A,B Skeletal 
analysis of wild type (A) and Cdx2P-Isl1 transgenics (B) at E18.5 revealed axial truncation posterior to the 
thoracic region, without impairment of hindlimb morphology. Dorsal view. C-H Sagittal sections of the 
posterior region of wild type and Cdx2P-Isl1 transgenic fetuses at E18.5. C,F Precocious neural tube 
termination and truncation of the vertebral column at the level of lumbar region in Cdx2P-Isl1 transgenics 
(marked by an *). D,G Urogenital region of wild type (D) and Cdx2P-Isl1 (G) embryos revealed fused 
rectum and urethra (R/Ut) in the transgenics. Gonads (D' in the wild type) were not observed in Cdx2P-Isl1 
embryos. E,H Normal morphology of the kidneys in the transgenics. V vertebral column; NT neural tube; 
Bl bladder; Ur ureter; GT genital tubercle. 
 
 Unlike Cdx2P-Isl1 embryos, we could not observe any 
abnormal phenotype when Isl1 was expressed in the paraxial or lateral 
mesoderm (Dll1P-Isl1 and Hoxb6P-Isl1 transgenics, respectively). This 
indicated that, similar to Gdf11/Alk5 signaling, Isl1 may affect 
mesodermal AP patterning when activated in the axial progenitors of 
the epiblast but not in the mesodermal tissues after their ingression 
through the PS. Given that Isl1 expression is associated with the 
induction of the most posterior derivatives of the lateral mesoderm, we 
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hypothesized that this gene might trigger the terminal differentiation of 
the trunk progenitors. In the progenitors for the lateral mesoderm this 
would be associated with specific physiological programs (like those 
resulting in hindlimb induction), but in axial progenitors for tissues 
normally not in contact with Isl1 activity, it would simply result in their 
depletion. To test if this could indeed be the case, we analyzed T 
expression in Cdx2P-Isl1 transgenics at E10.5. We found that in these 
embryos T was expressed in the notochord associated with the anterior 
part of the embryo up to the hindlimb level, but posterior to this region 
we could only detect a few ectopic spots and no expression in the tail 
bud (Fig. 20E,F). This is consistent with the idea of a complete loss of 
progenitors forming neural and paraxial mesodermal structures of the 
tail bud. Altogether, these data support the incompatibility between Isl1 
expression and the maintenance of axial progenitors and suggest a 
developmental role for Isl1 in the programmed termination of the 
lateral mesoderm progenitors as part of the trunk to tail transition. 
 The observation that Isl1 and Gdf11 signaling are both required 
in the axial progenitors to modulate AP patterning of the lateral 
mesoderm led us to explore if Isl1 is a direct target of Gdf11/Alk5 
signaling. Kang et al. (2009) have recently characterized enhancer 
elements involved in the activation the Isl1 gene in the cardiac 
progenitors and in the posterior part of the embryo. We found several 
putative Smad2 binding sites within one of the most conserved regions 
of this enhancer (CR2 in Kang et al. 2009) (Figs. 22A,B), suggesting 
that Isl1 could be a target of the Gdf11 pathway. In transgenic embryos, 
CR2 was able to drive expression of a reporter gene specifically in the 
caudal end of the lateral mesoderm (Fig. 22D), thus mimicking the 
normal expression domain of Isl1 in this area (Fig. 22C) (Yang et al., 
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2006). Inactivation of all potential Smad sites in this enhancer rendered 
it inactive (Fig. 22E), indicating that they are required for its activity. 
To confirm binding, we performed chromatin immunoprecipitation 
experiments on the posterior region of E9.0 mouse embryos and 
detected the Isl1 CR2 enhancer using an antibody for phosphorylated 
Smad2/3 (Fig. 22F). Taken together, our results identify Isl1 as a direct 
physiological target of Gdf11 in its activity to modulate the trunk to tail 
transition during mouse axial elongation. 
 
 
Figure 22. Isl1 is a direct target of Smad2. A Sequence of the CR2 enhancer of the Isl1 gene. Fox 
binding sites are highlighted in green and the Smad binding sites in red and in orange (the palindromic 
site). B Schematic representation of reporter constructs for the Isl1-CR2 enhancer. The Fox and Smad 
binding sites are represented by green diamonds and blue circles, respectively. In the mutant construct 
(Isl1-βgalΔS), the Smad binding sites were mutated. Pr adenovirus 2 minimal late promoter; pA SV40 
polyadenylation signal. C Whole-mount in situ hybridization for Isl1 in wild type embryo at E9.25. D,E 
Whole-mount β-galactosidase staining of transgenic reporter embryos at E9.25. D Reporter expression 
mimics the  endogenous expression of Isl1 (compare with C). E Lack of reporter expression in Isl1-βgalΔS 
transgenics revealed that putative Smad binding sites are crucial for Isl1 activation in the ventral-lateral 
mesoderm during the trunk to tail transition. Numbers of positive cases in relation to the total number of 
harvested embryos is indicated between brackets. F Chromatin immunoprecipitation from the posterior 
region of E9.25 wild type embryos using antibodies for IgG (unspecific control) and phosphorylated 
Smad2/3 (pSmad2/3) and PCR amplification of the CR2 enhancer. 
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Gdf11 signaling participates in the termination of the AP axis 
In addition to the extended thoracic and lumbar domains, the skeletons 
of Gdf11 mutants demonstrate additional characteristics that differ from 
those observed in wild type animals. In wild type mice, the tail 
vertebrae progressively lose complexity in an AP sequence. Whereas 
the first 4 or 5 caudal segments still contain neural arches surrounding 
the end of the spinal cord, those in more posterior positions are 
essentially reduced to small vertebral bodies (Fig. 23A,E). In Gdf11 
mutants with longer tails (including those treated with RA inhibitor  
(Lee et al., 2010) and a few untreated that were less truncated than the 
average mutant) all caudal vertebrae look rather similar with neural 
arches that enclose a neural tube extending into more posterior areas 
than in wild type embryos (Fig. 23C,F).  
 
 
Figure 23. Gdf11 affects the termination of the tail. A,C Skeletal analysis of wild type (A) and Gdf11 
mutant (C) fetuses at E18.5. Dorsal view. Vertebral elements at selected axial levels are highlighted. B,D 
Whole-mount in situ hybridization for Hoxd11 revealed that the anterior limit of expression (arrowheads) 
is shifted posteriorly in mutant embryos at E11.5. E,F Sagittal sections of the posterior region of wild type 
(E) and AGN193109-treated Gdf11 mutant (F) fetuses at E15.5 revealed an enlarged neural tube filling the 
whole extent of the vertebral column of treated mutants. Arrows indicate the neural tube. 
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 In other systems, Gdf11 and its close relative Gdf8 have been 
reported to act as "chalones" to negatively regulate tissue growth 
(Gamer et al., 2003; Gokoffski et al., 2011; McPherron et al., 1997; Wu 
et al., 2003). The phenotype we have observed in the tails of Gdf11 
mutants also fits this interpretation, as the neural and mesodermal 
derivatives are larger in the mutant tails, yet keeping a high degree of 
histological organization. If this is the case, we would predict that over-
stimulation of Gdf11 signaling would result in increased depletion of 
progenitors. The truncation observed in a subset of Cdx2P-Alk5CA 
transgenics could thus be the consequence of such effect. Consistent 
with this hypothesis, we found strongly reduced or absent expression of  
Wnt3a, Fgf8 and T in the remaining tissue posterior to the forelimbs 
(Fig. 24A-C'), which helped to identify this region as a small tail-tip-
like structure. We could observe a similar structure in most of these 
transgenic embryos. The presence of such a reduced tail bud is 
compatible with an extreme deregulation of axial progenitor 
differentiation in these Cdx2P-Alk5CA transgenics, ultimately resulting 
in increased cell death (Fig. 24E-E') and truncation of the AP axis. 
 
 
Figure 24. Truncation of Cdx2P-Alk5CA transgenics. A-D' Whole-mount in situ hybridization in E10.5 
transgenic embryos. A-D' Expression of Wnt3a (A,A'), Fgf8 (B,B'), T (C,C') expression is downregulated, 
while Hoxd11 expression is precociously activated in the posterior region of the transgenics. See Figs. 9, 
11, 12 and 20 for wild type embryos. E,E' Increased cell death in the tail tip of transgenic embryos as 
revealed by TUNEL reaction. A'-E' show amplification of the posterior region. Arrows mark the tail-like 
tip. 
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 Interestingly, the tails of Gdf11-/- fetuses resemble to some 
extent those observed in total Hox11 mutants (Wellik and Capecchi, 
2003). In particular, the presence of vertebrae with fully developed 
neural arches extending considerably beyond the fifth caudal vertebra 
and the very reduced or completely absent sacral structures of Gdf11-/- 
skeletons (Fig. 23C) are features of the Hox11 mutants (Wellik and 
Capecchi, 2003). This suggests that the abnormal morphology of the 
Gdf11-/- caudal vertebrae might result from down-regulation of Hox11 
gene expression. In Gdf11 mutants, Hoxd11 transcripts were detected at 
more absolute caudal levels than in wild type embryos, similar to what 
we observed for other posterior Hox genes. However, when the 
expression domain was assessed relative to the hindlimb, Hoxd11 
activation did not follow the same morphological landmarks as in wild 
type embryos. Instead, it was activated in even more caudal areas, 
closer to the area where the tail becomes thinner in these embryos (Fig. 
23B,D). Analysis of truncated Cdx2P-Alk5CA embryos for Hoxd11 
expression revealed that this gene is precociously activated in the tissue 
caudal to the forelimb buds, most particularly in the tail-tip-like 
structure (Fig. 24D,D'). Therefore, the absence of Hoxd11 expression 
seems to correlate with tail growth, whereas tail termination seems to 
be connected to the presence of Hoxd11 transcripts. This is compatible 
with the hypothesis that down-regulation of Hox11 genes plays a role in 
the tail phenotype observed in Gdf11 mutants. 
 
II.4 - Discussion 
In this work, we have shown that Gdf11 is a central modulator of the 
processes involved in the trunk to tail transition in the mouse embryo. 
This was supported by both loss and gain of function experiments. In 
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Gdf11 mutant embryos the trunk to tail transition (which can be 
conveniently identified by the position of the hindlimb and cloaca-
related tissues) was posteriorly displaced, leading to the formation of a 
longer trunk. Conversely, precocious activation of Gdf11 signaling 
using a constitutively activated form of its receptor Alk5 produced a 
strong anterior displacement in the hindlimb position, which resulted in 
dramatically shortened trunks. It should be noted that although delayed, 
the trunk to tail transition still occurs in Gdf11 mutant embryos. One 
possible explanation is that Gdf11 activity is partially compensated by 
other molecules that activate the same signaling pathway. A candidate 
for such molecule is Gdf8 (Myostatin) as inactivation of this gene 
intensifies the Gdf11 mutant phenotype in the axial skeleton 
(McPherron et al., 2009). An analysis of the trunk to tail transition in 
Gdf11/Gdf8 double mutants has not been reported. However, the longer 
rib cages observed in these embryos, together with the more anterior 
axial truncation at the lumbar level, and the presence of strongly 
reduced hindlimbs (McPherron et al., 2009) are compatible with a 
largely incomplete or absent trunk to tail transition. Alternatively (or in 
addition), other signaling pathways can act in parallel during this 
process, protecting Gdf11 mutant embryos from a complete block in the 
switch from making trunk to tail tissues. 
 
The hindlimb and ventral lateral mesoderm as a product of terminal 
differentiation of the lateral mesoderm progenitors 
During the trunk to tail transition the axial progenitors relocate from a 
position in the PS and adjacent epiblast to the CNH (Cambray and 
Wilson, 2002, 2007; Wilson and Beddington, 1996). This relocation 
does not include all progenitors. In particular, those for the lateral and 
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intermediate mesoderm, involved in the genesis of the trunk associated 
organs, are not incorporated into the CNH. Instead, specific 
differentiation programs are activated in these progenitors to generate 
the hindlimbs and the ventral lateral mesoderm, which interacts with 
the hindgut endoderm to organize the posterior end of several trunk 
associated organ systems. Indeed, even in some snakes, a small 
hindlimb primordium is produced in this position that later fails to 
produce a full grown member (Cohn and Tickle, 1999). Gdf11 
signaling seems to play an essential role in this process through a 
mechanism that includes activation of Isl1 in the progenitors for the 
lateral mesoderm. This is in keeping with lineage tracing experiments 
showing that in wild type embryos, Isl1 becomes specifically activated 
in the progenitors of the hindlimb and ventral lateral mesoderm (Yang 
et al., 2006). It is also consistent with genetic experiments showing that 
hindlimbs are not formed in the absence of this gene (Itou et al., 2012; 
Kawakami et al., 2011). In addition, we showed here that precocious 
activation of Isl1 in axial progenitors of the epiblast was able to induce 
the hindlimbs and cloacal tissues at more anterior axial levels, thus 
mimicking to some extent the Cdx2P-Alk5CA phenotypes (see below). 
Importantly, a conserved enhancer for the Isl1 gene that activates 
expression in the most caudal part of the lateral mesoderm, contains 
several Smad binding sites that are essential for its activity, thus 
establishing a direct connection between Gdf11 signaling and Isl1 
activation. In this context, it should be noted that activation of this 
enhancer requires other factors in addition to Gdf11 signaling. Indeed, 
this regulatory element is inactive in the progenitors for the neural tube 
or paraxial mesoderm, although Gdf11 signaling is active in this area. 
Fox genes are among the best candidates to cooperate with Gdf11 
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signaling in activating this enhancer because it also contains Forkhead 
binding sites that are essential for enhancer activity (Kang et al., 2009). 
FoxF1 is one of the prime candidates to play a physiological role in this 
process because its expression is detected in the lateral mesoderm but 
not in the neural tube and paraxial mesoderm (Mahlapuu et al., 2001). 
 One of the most striking characteristics of the Cdx2P-Isl1 
transgenics was the totally different effects that Isl1 expression had on 
the various axial progenitors. In the progenitors of the lateral 
mesoderm, precocious Isl1 activation had surprisingly little effect on 
the morphogenesis of the posterior lateral mesoderm derivatives, other 
than their induction at a more anterior axial level. However, Isl1 
activation had strong deleterious effects on the progenitors of more 
medial tissues, like the notochord, the neural tube, and paraxial 
mesoderm, which normally do not express Isl1. Therefore, the 
phenotype that we observed in the Cdx2P-Isl1 transgenics might 
indicate that Isl1 activity has negative effects on progenitor 
maintenance, bringing them into terminal differentiation pathways. In 
the progenitors of the lateral mesoderm, the cessation of progenitor 
renewal is combined with activation of the genetic programs resulting 
in the formation of structures like the hindlimb or the ventral lateral 
mesoderm. From this perspective, the hindlimb and cloacal tissues 
represent the product of terminal differentiation of the progenitors for 
the lateral mesoderm associated with the trunk to tail transition. In 
Cdx2P-Isl1 transgenics, axial progenitors were precociously exposed to 
Isl1. In the progenitors for the lateral mesoderm, this triggered the 
physiological program at an earlier developmental stage. However, 
activation of Isl1 in the precursors of neural tube and paraxial 
mesoderm led to a block in progenitor maintenance that was not 
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associated with an organized differentiation program, thus producing 
the morphological truncation of axial structures.  
 It should be noted that we never found Cdx2P-Isl1 transgenics 
with hindlimbs closer than 6 somites to the forelimb buds or with axial 
truncations anterior to the 8th thoracic segment, indicating that the 
competence of the axial progenitors to respond to Isl1 was not uniform 
along the AP axis. Considering that Alk5 can induce hindlimb buds at 
more anterior levels than Isl1 when prematurely activated in the 
epiblast, it is probable that the competence of the axial progenitors to 
respond to Isl1 was also provided by Gdf11. Whether this is indeed the 
case as well as the mechanisms mediating this gain of competence 
remains to be determined. 
 Intriguingly, the skeletal phenotype that we observed in Cdx2P-
Isl1 transgenics is remarkably similar to the clinical characteristics 
found in patients with severe cases of spinal segmental dysgenesis 
(Mahomed and Naidoo, 2009), which raises the possibility that 
deregulation of Isl1 expression during trunk to tail transition could be 
in the origin of this human syndrome. 
 
Setting the PS to CNH transition 
Another of the major processes associated with the trunk to tail 
transition is the relocation of the N-M progenitors from the anterior PS 
and adjacent epiblast to the CNH to form the tail bud (Cambray and 
Wilson, 2002, 2007; Wilson and Beddington, 1996). Our results 
indicate that Gdf11 signaling was also involved in this process and that 
this activity was mediated by modulation of RA availability at the 
posterior embryonic end. In addition, our data suggest that proper PS to 
CNH transition requires a complete block of RA signaling because its 
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pharmacological inhibition produced a significant recovery of the PS to 
CNH reorganization in Gdf11-/- embryos. This is consistent with the 
phenotype of Cyp26a1 mutant embryos (Abu-Abed et al., 2001, 2003; 
Sakai et al., 2001). Indeed, it has been shown that in the absence of this 
RA-catabolyzing enzyme, embryos are exposed to an excess of RA that 
produces axial truncations at the lumbo-sacral level, which coincides 
with the stage when the PS to tail bud transition is taking place. The 
expression patterns reported for markers like T or Cdx4 in Cyp26a1 
mutant embryos are compatible with strong alterations in the PS to tail 
bud transition (Abu-Abed et al., 2003). Our data also suggest that 
Gdf11 signaling modulates RA availability by regulating Cyp26a1 
expression. Accordingly, Cyp26a1 levels were lower in Gdf11 mutants 
than in wild type embryos during trunk to tail transition. Interestingly, 
the observation that Cyp26a1 expression was reduced but not 
completely inactivated in Gdf11 mutants at this developmental stage 
may explain the segregation of the axial progenitors into several 
domains. In particular, progenitors closer to the tail tip would be 
surrounded by sufficient Cyp26a1 to protect them from RA. However, 
the levels of Cyp26a1 in more anterior areas would fall below the 
threshold level required for effective RA clearance, leaving progenitors 
in this area exposed to RA. A reduction in Cyp26a1 expression in the 
tail of Gdf11 mutants has been previously reported at later 
developmental stages, associated with other developmental processes 
(Lee et al., 2010), further reinforcing the connection between Gdf11 
signaling and the RA catabolic pathway. 
 The apparent separation between RA-responding and RA-non-
responding progenitors observed in Gdf11 mutants suggest that the PS 
to CNH transition might require activation of stage-specific 
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characteristics in the axial progenitors (e.g. adhesion properties) that 
would target them to specific regions (a progenitor niche?) of the 
posterior embryonic end, eventually generating a tail-bud primordium 
that organizes posterior embryonic growth. According to this 
hypothesis, acquisition of those properties would require complete 
downregulation of RA signaling in these progenitors. Activated RA 
signaling during the PS to CNH transition would impair colonization of 
the tail bud primordium niche. When the majority of progenitors 
respond to RA (like Cyp26a1 mutants, Gdf11 mutants treated with low 
doses of RA, or wild type embryos treated with high RA doses), the tail 
bud does not form and severe axial truncations occur at the level of the 
trunk to tail transition (Abu-Abed et al., 2001, 2003; Kessel, 1992; Lee 
et al., 2010; Sakai et al., 2001). 
 
Gdf11 signaling is required to control the behavior of axial 
progenitors in the tail bud 
After the trunk to tail transition, the CNH generates neural tissue and 
paraxial mesoderm from common bipotent progenitors (Tzouanacou et 
al., 2009). As development proceeds, the production of these tissues is 
gradually reduced, resulting in the formation of progressively smaller 
vertebrae and, in the absence of neural tube, posterior to the 4th or 5th 
caudal vertebra. The phenotype of Gdf11 mutants suggests that Gdf11 
signaling plays an essential role in the progressive termination of the 
main embryonic axis. In particular, the vertebrae posterior to the 
hindlimbs of Gdf11-/- fetuses are all larger than in wild type embryos, 
with neural arches accommodating an enlarged neural tube that extends 
until the posterior end of their vertebral column. This tail characteristic 
is shared by RA inhibitor-treated and -untreated Gdf11 mutants, 
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although tails were longer in the former. This might reflect the 
increased progenitor number populating the tail bud upon RA 
inhibition, as evidenced by the expression of T. From an embryological 
perspective, the Gdf11-/- tail phenotype suggests that the number of 
cells produced per embryonic AP length unit during tail formation was 
higher in Gdf11 mutants than in wild type embryos. This is compatible 
with the interpretation that Gdf11 acts as a “chalone” in the tail bud by 
negatively controlling its growth (Gamer et al., 2003). Interestingly, 
several members of the Tgfβ superfamily have been shown to present 
chalone activity in other biological contexts (Gamer et al., 2003; 
McPherron et al., 1997; Wu et al., 2003), including Gdf11 itself in the 
olfactory epithelium (OE), where it controls tissue size by preventing 
overproduction of neural progenitors (Gokoffski et al., 2011; Wu et al., 
2003). According to this idea, Gdf11 signaling would exert negative 
control on the production of the bipotent N-M progenitors in the tail 
bud, eventually leading to the progressive and regulated termination of 
tail growth. This interpretation is consistent with the strong phenotype 
observed in some Cdx2P-Alk5CA transgenics, in which the truncation 
could be the consequence of precocious depletion of progenitors. 
 It will be important to understand the cellular and molecular 
basis of the chalone activity of Gdf11. It has been recently reported that 
the combination of low Smad2/3 levels together with high Akt 
signaling (which can be stimulated by FGFs) promotes expansion of 
pluripotent progenitors in cultured human ES cells (Singh et al., 2012). 
In chicken embryos, Fgf4-soaked beads induced ectopic expression of 
T and Sox2 in the tail bud, which raised the possibility that high levels 
of FGF signaling may promote a N-M bipotent state (Olivera-Martinez 
et al., 2012). A similar phenomenon might be occurring in Gdf11 
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mutant tails as their Fgf8 expression levels seem to be higher than in 
wild type embryos (Fig. 12C,D). This would indicate the existence of 
an equivalent mechanism in the tail bud to coordinate maintenance of a 
progenitor pool with the production of differentiated cells that 
contribute to the new tissues in the growing tail. Interestingly, it has 
been hypothesized that the chalone activity of Gdf8 in muscle cells and 
of Gdf11 in OE progenitors involves blocking the growth promoting 
activity of FGF signaling (Gamer et al., 2003; Wu et al., 2003). 
Moreover, it has been suggested that tail-bud growth relies on the 
dynamic activity of long-term axial progenitors within the CNH 
together with other progenitors with more restricted differentiation 
capacities located in more dorsal and ventral areas of the tail bud 
(McGrew et al., 2008). Our results suggest that Gdf11 signaling may be 
involved in regulating the relative equilibrium among these progenitor 
groups and/or in their ability to generate downstream derivatives. 
 Finally, it is possible that posterior Hox genes could play a role 
in the control of tail growth downstream of Gdf11 signaling. In 
particular, the sacral and caudal phenotypes of Gdf11 mutants resemble 
those of the global Hox11 mutants (Wellik and Capecchi, 2003), 
suggesting that Hox11 genes could act downstream of Gdf11 in this 
process. Expression of Hoxd11 upon inactivation or hyper-activation of 
Gdf11 signaling is compatible with this view. If Hox11 genes are 
indeed involved in these processes, they would be a further addition to 
the list of Hox genes regulating the physiology of the axial progenitors. 
Indeed, a role for Hoxa5 and Hoxb8 genes in promoting axial growth 
and for Hox13 genes in restricting posterior extension in the mouse has 
already been demonstrated (Young et al., 2009). Involvement of Hox 
genes in the control of organ size has also been described in Drosophila 
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(Crickmore and Mann, 2006), indicating that this might be a more 
general characteristic of Hox genes. 
 
II.5 - Material and Methods 
 
Transgenic constructs, mice and embryos 
The Gdf11 mutant strain used in this work has been described 
previously (McPherron et al., 1999). The constructs for the production 
of transgenic embryos were generated using standard molecular cloning 
techniques. The enhancers used for these constructs were a 9.5 kb 
fragment upstream of the Cdx2 gene (Cdx2P) (Benahmed et al., 2008), 
the msd enhancer of the Dll1 gene (Beckers et al., 2000), and the lateral 
mesoderm enhancer of the Hoxb6 gene (Becker et al., 1996). The Isl1 
CR2 enhancer (Kang et al., 2009) was amplified by PCR from mouse 
genomic DNA using primers 5’-TCCTCACACTGGTCTAACCAG-3’ 
and 5’-GGACATCCCCACCCAGCGCTG-3’. To produce an enhancer 
without Smad binding sites, the different Smad targets (Fig. 22) were 
modified to CACA, except for the palindromic target GTCTAGAC that 
was changed to CATGCAGG. All these modifications were performed 
using a PCR-based mutagenesis strategy and verified by direct 
sequencing. The wild type and mutant Isl1 enhancers were cloned 
upstream of the adenovirus 2 minimal late promoter (Conaway and 
Conaway, 1988) and the resulting regulatory elements were inserted 
upstream the β-galactosidase cDNA. The Isl1 cDNA was IMAGE 
clone 40130540. To produce the Alk5CA cDNA, we used IMAGE clone 
7098473, corresponding to the rat gene, and changed the threonine 204 
for an aspartic acid (Charng et al., 1996; Wieser et al., 1995) using a 
PCR-based mutagenesis strategy. The mutation was confirmed by 
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direct sequencing of the cDNA clones. All transgenic constructs 
contained the SV40 polyadenylation signal in addition to the regulatory 
regions and relevant cDNAs. 
 Transgenic embryos were generated by pronuclear injection of 
the relevant constructs according to standard methods (Hogan et al., 
1994). To obtain Gdf11 mutant embryos of specific stages, matings 
were set up using Gdf11+/- animals and plugs checked in the morning of 
the following day. The day that plugs were found was considered E0.5. 
In the case of transgenic embryos, E0.5 was considered the day after 
the transfer of injected oocytes. Embryos were collected from pregnant 
females by cesarean section and fixed with 4% paraformaldehyde 
(PFA) in PBS for in situ studies or with Mirsky's fixative (National 
Diagnostics) for β-galactosidase staining. 
 
Genotyping 
Embryos at different stages were genotyped by PCR from genomic 
DNA extracted from the yolk sacs. Yolk sacs were incubated overnight 
at 50º C in yolk sac lysis buffer containing proteinase K (50 mM KCl, 
10 mM Tris-HCl pH8.3, 2 mM MgCl2, 0.45% Tween-20, 0.45% NP40, 
with 200 μg/mL of proteinase K). Heat inactivation of the lysates was 
performed at 95º C for 30 minutes. Fetuses were also genotyped by 
PCR from genomic DNA extracted from the intestines or the skin. 
Samples were incubated overnight at 50º C under agitation in Laird's 
buffer containing proteinase K (100 mM Tris-HCl pH8.5, 5 mM 
EDTA, 0.2% SDS, 200 mM NaCl, with 100 μg/mL of proteinase K). 
Pups were similarly genotyped from tail biopsies using Laird's buffer. 
Genomic DNA was precipitated in isopropanol and transferred to TE 
buffer (1 mM EDTA, 10 mM Tris-HCl pH8.0). PCR was performed 
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using 1 µl of the genomic DNA solution. Primers used for genotyping 
are summarized in Table 1. 
 
Table 1. Primer information for genotyping. 
Gene Forward Reverse 
Gdf11 GAGTCCCGCTGCTGCCGATATCC TAGAGCATGTTGATTGGGGACAT GGATCGGCCATTGAACAAGATG GAGCAAGGTGAGATGACAGGAG 
rat Alk5 ACGTTCATGGTTCCGAGAGGC ATCATGTCTCACAGCAAGTCC 
Hoxc8 AGCTGCCACGGAGACGCCTCC GGCGTGAGAGACTTCAATCCG 
Hoxb9 AACTGGCTGCACGCTCGCTCTTCC GGGAAGAGCTAGGGAGGACTG 
Hoxc9 GGCAGCAAGCACAAAGAGGAG GGGCAGGGCTTAGGATTGTTC 
Hoxd9 CTCAGCTTGCAGCGATCACC CGGTTCTGGAACCAGATTTTGAC 
Hoxa10 AGCGAGTCCTAGACTCCACGC GTCCGTGAGGTGGACGCTACG 
Hoxc10 CCTCGGAGAGCGAGAAGGAAC CAGTTCCCGGATCCGATTCTC 
Hoxd10 CAGAATTCGACCCACGCGTCCGCCCAC CATCTAGATCCTGGCCTCACATGGGCC 
Hoxa11 AACTTCAAGTTCGGACAGCGG TCAGTGAGGTTGAGCATGCGG 
Hoxc13 ACTTCGCTGCTCCTGCATCCA CAGCTGCACCTTAGTGTAGGG 
Isl1 ACCGCACGTCCACAAGCAG AGCTGCGAGGACATTGATGC 
 
Morphometric staging and statistics 
Comparison of hindlimb development between wild type and Gdf11 
mutant embryos was performed using the morphometric system 
developed by Boehm et al. (2011). Data were presented as mean ± 
SEM and compared using the Student's t test (P<0.05 was considered 
significant). 
 
Carmine staining for confocal analysis 
Embryos were stained in hydrochloric carmine using a modified 
protocol from Machado-Silva et al. (1998). Briefly, PFA-fixed embryos 
were washed in PBT and then brought to 100% methanol through a 
methanol/PBT (PBS containing 0.1% Tween-20) series. Then, embryos 
were brought back to 75% methanol in PBT and stained overnight in a 
carmine solution (2% w/v carmine powder in 70% ethanol, 2% chlorine 
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acid) under agitation, in the dark. Embryos were then washed quickly 
in 5% acid ethanol and dehydrated again in 100% methanol. At this 
stage, images were taken with a Zeiss StereroLumar scope. 
Subsequently, embryos were transferred to methyl salicylate through a 
graded series of methyl salicylate in methanol and imaged by laser 
scanning confocal microscopy (Zeiss LSM-510 Meta). 
 
In situ hybridization 
In situ hybridization on whole embryos was performed using DIG-
labeled antisense RNA probes as previously described (Kanzler et al., 
1998). Probe information is summarized in Table 2. 
 
Table 2. Probe information for in situ hybridization. 
Gene Plasmid backbone Endonuclease 
RNA 
polymerase Size [bp] 
Cdx2 pKS SalI T7  
Cyp26a1 pKS NotI T3 560 
Fgf8 pKS ClaI T3 785 
Foxa2  Asp700 T7  
Hand2 pSKII+ NotI T7 1900 
Hoxa9 pCMV-Sport6 EcoRV T7 2053 
Hoxc10 pKS EcoRI T3 1091 
Hoxc8 pKS EcoRI T7 1313 
Hoxd11  EcoRI T7  
Isl1 pT7T 3D EcoRI T3 459 
Mesp2 pKS BamHI T7  
Pax2 pKS NotI T3 1200 
Raldh2 pCMV-Sport6 SalI T7 2242 
Rarg pCRII-TOPO SpeI T7 400 
Shh pSKII HindIII T3 642 
Sox2 pSKII XhoI T3 700 
T  pKS NotI T3 1800 
Tbx4  XbaI SP6  
Tbx5  SpeI T7  
Uncx4.1 pSV-Sport SalI T7 1500 
Wnt2 pGEM7Zf HindIII T7 1606 
Wnt3a pKXM MluI T3 1400 
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β-galactosidase staining 
Fixed embryos were processed in accordance with Carvajal et al. 
(2001). In brief, they were washed three times in the washing buffer 
(0.02% Tween-20 and 0.02% NP40 in PBS) and stained in the staining 
solution (5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6.3H2O, 2 mM MgCl2, 0.4 
mg/mL X-gal, diluted in the washing buffer) for variable periods at 37º 
C in the dark. Embryos were post-fixed overnight at 4º C in Mirsky's 
fixative and stored in the washing buffer at 4º C. 
 
Retinoic acid inhibitor and retinoic acid treatments 
Treatment with RA inhibitor and RA were performed as in Lee et al. 
(2010) with slight modifications. Briefly, the stock solution of RA 
inhibitor AGN193109 (1 mg/ml in DMSO) was dissolved in corn oil 
and administered to pregnant females in three doses of 2 mg/kg of body 
weight between E7.5 and E9.5. For RA treatments, a 25 mg/ml solution 
of all-trans RA in DMSO was diluted in corn oil and was administered 
at E8.5 by oral gavage at a final concentration of 10 mg/kg of body 
weight.  
 
Skeletal analysis 
Skeletal analyses were performed using the Alcian blue/alizarin red 
staining method as previously described (Mallo and Brändlin, 1997). In 
brief, fetuses were eviscerated and skinned prior to being fixed 
overnight in 100% ethanol. Samples were stained overnight in Alcian 
blue solution for cartilage and then fixed overnight, again in 100% 
ethanol. Then, fetuses were incubated for about six hours in 2% KOH 
for digestion of soft tissues and stained for three hours in alizarin red 
solution for bone. Finally, they were incubated overnight  again in 2% 
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KOH for washing excess of staining and removing remaining soft 
tissues. Skeletons were stored in 25% glycerol in PBS. 
 
Histology 
For histological analyses, fetuses were fixed in Bouin’s fixative and 
embedded in paraffin; 10 μm thick sections were then stained with 
haematoxylin/eosin using standard histological methods. 
 
Chromatin immunoprecipitation 
Assays were carried out in accordance with Kutejova et al. (2008), with 
slightly modifications. In brief, the posterior region of E9.0 embryos 
was dissected in PBS and fixed in 1% formaldehyde for 15 minutes at 
room temperature, under agitation. Tissues were then disintegrated with 
a 25G needle and incubated in a lysis buffer (0.2% SDS, 1 mM EDTA, 
0.5 mM EGTA, 10 mM Tris-HCl pH8.0, 0.1% sodium deoxycholate) 
containing protease inhibitors for 20 minutes at 4º C, under agitation. 
Samples were sonicated to 200bp-1kb fragments and centrifuged at 
maximum speed for 10 minutes at 8º C. Supernatants were diluted 
(1:10) with ChIP dilution buffer (1% Triton X-100, 2 mM EDTA, 150 
mM NaCl, 20 mM Tris-HCl pH8.1) and immunoprecipitated overnight 
using antibodies anti-phosphorylated Smad2/3 (#8685, Cell Signaling 
Technology) and  control rabbit IgG (#2729, Cell Signaling 
Technology) pre-bound to Dynabeads Protein A (Invitrogen) in ChIP 
dilution buffer at 4º C, under agitation. Bound chromatin to the 
Dynabeads was repeatedly washed with RIPA buffer (50 mM Hepes, 1 
mM EDTA, 0.7% sodium deoxycholate, 1% NP-40, 0.5% LiCl) and 
then in TE buffer pH8.0. Between every wash, beads were collected 
with a magnetic concentrator. The DNA was eluted from the beads by 
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the addition of an elution buffer (1% SDS, 10 mM NaHCO3) and 
incubated for 6 to 16 hours at 65º C. The immunoprecipitated DNA 
was purified using the Qiaquick PCR kit (Qiagen) and amplified by 
PCR using primers Isl1-enh-ChIP-F, 5'-
GCGACAATCGTCGTAGCCCAG-3' and Isl1-enh-ChIP-R, 5'- 
GAGCGCCTCTTCGGCTGATCC-3' for the CR2 enhancer and 
primers P95enh_ChIP_F, 5'-CGGCTAGGATGAGGTGAAGGCA-3' 
and P95enh_ChIP_R, 5'-CGGATGCATAGCCTGCATAATGC-3'  for 
a negative control region. 
 
II.6 - Acknowledgments 
We would like to thank Alexandra McPherron and Se-Jin Lee for providing 
the Gdf11 mutant strain, José Belo, Jacqueline Deschamps, Denis Duboule, 
Achim Gossler, Bernhard Herrmann, Andreas Kispert, Malcolm Logan, 
Andrew McMahon and Erik Olson for sending plasmids containing regulatory 
elements and probes for in situ hybridization, Deneen Wellik for sharing 
unpublished data and Élio Sucena, Inês Domingues and Jennifer 
Rowland for reading the manuscript. This work was supported by grants 
PTDC/BIA-BCM/110638/2009 and PTDC/SAU-BID/110640/2009 to M.M. 
and by PhD fellowships SFRH/BD/33562/2008 to A.D.J. and 
SFRH/BD/51876/2012 to R.A. 
 
Author contributions: A.D.J. and M.M. designed research; A.D.J., 
R.A. and M.M. performed research; A.N. performed pronuclear 
microinjection of DNA constructs; A.D.J. and M.M. analyzed data; and 
A.D.J. and M.M. wrote the paper. 
   
133 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter III  
Hunting down axial progenitors: generation of a transgenic mouse 
line with tamoxifen-inducible Cre recombinase activity in the 
primitive streak 
adapted from 
Jurberg AD, Nóvoa A, Mallo M. A transgenic mouse line with 
tamoxifen-inducible Cre recombinase activity in both the primitive 
streak and axial progenitors. In preparation 
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III.1 - Summary 
We generated transgenic mouse lines expressing an inducible Cre 
recombinase driven by a primitive streak (PS) T (Brachyury) regulatory 
element. Crossing this line to “floxed” reporter lines revealed that Cre 
activity was tightly regulated upon tamoxifen administration. Early 
treatment resulted in the most widespread recombinant territory along 
the AP axis, while induction at later time-points caused recombination 
in progressively more restricted territories to the caudal region. 
Recombinant cells were observed in all three germ layers derivatives at 
E9.5 embryos, despite the time of treatment. This suggests that the 
promoter used in this line is active not only in the PS, but also in a 
population of axial progenitors. The time-controlled component of this 
line should prove valuable to study gene function during mouse 
gastrulation. 
 
III.2 - Background 
During gastrulation mesoderm and definitive endoderm are formed 
from epiblast cells that leave this epithelial layer by ingression through 
the PS (reviewed by Mikawa et al., 2004; Tam and Loebel, 2007; 
Wilson et al., 2009). This process occurs during an extended time 
period of development, associated with embryo growth in the anterior-
posterior axis. The fate of the cells that transverse the PS depends of a 
variety of factors, including the specific developmental stage at which 
they cross this structure. At early stages, cells form extraembryonic, 
cardiac and cranial mesoderm, as well as definitive endoderm. Cells 
that cross the streak at later times in development produce mostly 
paraxial and lateral plate mesoderm (reviewed by Arnold and 
Robertson, 2009). The genetic control of gastrulation is complex. This 
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is reflected in the transcriptomic profile of the chicken PS, in which 
about 40% of the entire genome is expressed (Alev et al., 2010). As a 
result, many genes involved in mesodermal development are also 
required for PS formation or gastrulation movements. Indeed, 
inactivation of a number of these genes using conventional loss-of-
function approaches proved to be embryonic lethal resulting in 
abnormal embryo implantation or gastrulation (e.g. Gu et al., 1998; 
Larue et al., 1994). To circumvent early lethality and address gene 
function at later embryonic stages, conditional mouse lines and tissue-
specific Cre deleters have been used with considerable success (e.g. 
Lewandoski, 2001). Transgenic lines expressing a Cre recombinase 
driven by a PS-specific element were generated to study the genetic 
networks controlling mesoderm development (Feller et al., 2008; 
Perantoni et al., 2005). In these lines Cre-dependent recombination 
occurs in all cells that arise from the PS and does not allow temporal 
control on the recombination process. However, considering that PS 
activity changes spatially and temporarily throughout development, 
such temporal control might be useful for the understanding of the 
molecular mechanisms underlying gastrulation. 
 
III.3 - Results and discussion 
 
Line characterization 
We generated five transgenic founder lines expressing a tamoxifen-
inducible Cre recombinase (CreERT) (Hayashi & McMahon 2002) 
under the control of the PS-specific promoter of the Brachyury (T) gene 
(Clements et al., 1996; Stott et al., 1993). This element was reported to 
be inactive in the node or notochord (Clements et al., 1996). Three of 
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the lines produced strong reporter fluorescence signal when crossed to 
Rosa26R-YFP+/+ females (Srinivas et al., 2001) after a single 
intraperitoneal injection of tamoxifen at E7.5 (Fig. 25). The line #47 
gave the strongest signal and was chosen for further characterization. 
	
 
Figure 25. Founder lines induced variable degree of recombination. Rosa26R-YFP+/+ pregnant females 
were treated with tamoxifen at E7.5 and embryos were harvested at E9.5. Lines #16 (A-A'') and #48 (D-
D'') exhibited a reduced recombinant territory and were not characterized. Lines #43 (B-B''), #47 (C-C'') 
and #49 (E-E'') showed extensive recombination. Line #47 was chosen for further characterization. Lines 
#43 and #49 were cryopreserved. 
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 To perform a more detailed characterization of CreERT 
induction in this line, transgenic males and Rosa26R-YFP+/+ females 
were put together and mating was checked in two-hour intervals. When 
a vaginal plug was detected the mid-point of the mating interval was 
considered as embryonic stage (E) 0.0. We then administered a single 
dose of tamoxifen to pregnant females from E7.5 to E8.5 in two-hour 
intervals, which corresponds to the time required for the formation of a 
new somite pair in the mouse (Tam, 1981). Corn oil injected at E7.5 
served as a negative control for induction. Embryos were harvested at 
E9.5 and examined under a fluorescence stereoscope (SteREO 
Lumar.V12, Zeiss). In addition to the Rosa26R-YFP strain, we also 
used the Rosa26R-β-galactosidase reporter line (Soriano, 1999) to 
obtain better detail on the recombinant tissues. In this case, transgenic 
males were crossed to Rosa26R-β-galactosidase+/+ females and a single 
dose of tamoxifen was administered at E7.5, E8.0 or E8.5. The analysis 
of these embryos was performed by staining for β-galactosidase activity 
(Carvajal et al., 2001) at E9.5, and sectioning the stained embryos with 
a vibratome. The same recombination patterns were visualized in both 
reporter strains for the matching time-points of treatment and will be 
described here simultaneously. 
 Some variability in somite numbers was observed and only the 
embryos containing 24-27 somite pairs were considered for CreERT 
characterization. Scarce spontaneous recombination eventually 
occurred in the absence of tamoxifen treatment, suggesting a minor 
leakage in CreERT activity (Fig. 26A-A''). When non-induced CreERT 
activity was detected, it always produced only a very small number of 
recombinant cells, generally grouped together, indicating that they had 
probably resulted from a rare, single-cell recombination event. 
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Figure 26. Time-dependent recombination in T-streak-CreERT::Rosa26R-YFP embryos. While non-
treated embryos showed only rare events of spontaneous recombination (A-A''), administration of 
tamoxifen at early stages induced extensive recombined territories that got progressively restricted to the 
caudal region as tamoxifen was being administered  at later time-points (B-N''). See text for more 
information. Left labels adjacent to images show the exact time tamoxifen administration. Arrowheads 
indicate the approximate anterior boundary of recombination. 
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 We observed that the time of tamoxifen administration directly 
correlated with a gradual change in the domains of recombinant cells 
along the AP axis (Fig. 26). Early administration of tamoxifen at E7.5 
produced the most widespread recombinant territory at E9.5, up to the 
level of the branchial arches (Figs. 26B-B'' and 27A-A'''). In particular, 
streak derivatives such as the forelimb buds and more posterior lateral 
plate mesoderm, the somites, the hindgut, the notochord and the 
allantois underwent extensive recombination. We only detected a few 
positive cells in the heart (Figs. 26B-B'' and 27A-A'''). As tamoxifen 
was being administered at later time-points, the territories positive for 
recombination became progressively restricted to more caudal regions 
(Figs. 26 and 27), indicating that CreERT activity was indeed properly 
controlled. The number of recombinant cells within a mesodermal 
derivative also decreased following later induction. For instance, while 
recombination was observed in the majority of cells in the forelimb 
buds and the lateral plate mesoderm of E9.5 embryos upon tamoxifen 
administration at E7.5, only a few scattered recombinant cells were 
observed in those tissues when tamoxifen was administered at E8.0 
(Figs. 26 and 27A-B'''). Administration at E8.5 resulted in the presence 
of recombinant cells mostly at the level of the presomitic mesoderm of 
E9.5 embryos (Figs. 26N-N'' and 27C-C'''). In these embryos, very few 
scattered recombinant cells were observed at the forelimb or interlimb 
levels, mostly in the paraxial mesoderm (Fig. 27C-C'''). Surprisingly, 
close analysis of sections of β-galactosidase-stained embryos revealed 
several recombinant cells in non-PS derivatives at all three time-points 
analyzed, mostly particularly the neural tube (Fig. 27). This is 
consistent with recent reports that have shown the existence of an axial 
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progenitor population in the node-streak border at E8.5 and later in the 
CNH (Cambray and Wilson, 2002, 2007; Tzouanacou et al., 2009). 
 
 
Figure 27. Histological assessment of recombination in T-streak-CreERT::Rosa26R-β-galactosidase 
embryos. A-C Whole-mount β-galactosidase staining of embryos at E9.5. Left labels adjacent to images 
indicate the time of tamoxifen administration. A'-C''' Cross-sections at the indicated levels in A-C. A-A''' 
Early treatment caused an extensive recombination territory up to the level of the branchial arches. Note 
recombination in the neural tube, especially in the floor plate. B-B''' Treatment at E8.0 produced 
recombination in a lesser extension, not affecting the forelimb buds. Arrowheads indicate recombination in 
nervous cells. C-C''' Late induction induced recombination restricted to the presomitic mesoderm region, 
with a few scattered cells in the trunk somites. The number of recombinant cells within a mesodermal 
derivative decreased as induction occurred at later moments (A'-C'''). Recombination was observed in all 
three germ layers despite the time of tamoxifen administration. Arrowhead in C''' indicates recombination 
in the surface ectoderm. NT neural tube; S somite; N notochord; IM intermediate mesoderm; FL forelimb. 
 
 To determine the delay between tamoxifen administration and 
the onset of CreERT activity, Rosa26-YFP+/+ females that had been 
crossed with T-streak-CreERT males were treated at E8.5 and embryos 
harvested at 2, 4, 6, 8, and 10 hours after injection. We could not find 
signs of recombination up to 6 hours. Some cells could be identified 8 
hours after injection but clear induction of recombination was only 
observed in embryos analyzed 10 hours after tamoxifen administration 
(Fig. 28). 
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Figure 28. Induction of recombination in T-streak-CreERT::Rosa26R-YFP embryos. No evident sign 
of recombination was observed after up to six hours of treatment (A-C''), only a few scarce spontaneous 
events. Embryos harvested eight hours after tamoxifen administration exhibited early signs of 
recombination (D-D'') and clear induction was observed ten hours after treatment (E-E''). 
 
 Dosage effects of tamoxifen treatment on mouse development 
and CreERT activity were also addressed by intraperitoneal 
administration of other two tamoxifen concentrations at E8.0 and E8.5. 
Embryos were also harvested at E9.5. Administration of 4 mg of 
tamoxifen per 20 grams of body weight produced no obvious 
differences in the activation patterns when compared to their matching 
time-points treated with 2 mg per 20 grams of body weight (not 
shown). However, administration of 6 mg of tamoxifen per 20 grams of 
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body weight seemed to be toxic, as no embryos were recovered for any 
of the two administration time-points after three independent rounds of 
treatment (not shown). 
 
Clonal analysis of PS progeny produced an unexpected finding in 
Gdf11 mutants 
Next, we used the inducible property of this transgene to evaluate the 
behavior of axial progenitors during mouse posterior extension. Low 
frequency recombination was achieved by administering 0.2 mg or 50 
µg of tamoxifen per 20 grams of body weight. We reasoned that if a 
recombination event occurs in a long term axial progenitor at early 
developmental stages, this cell would remain in the CNH at later stages, 
while still producing descendents in both the neural tube and 
mesodermal compartments at different axial levels. Conversely, if such 
long term axial progenitors are not targeted by recombination upon 
early induction, positive cells would be restricted to a particular axial 
level and would not be found in the tail bud at later stages. 	
 In the first set of experiments, we crossed T-streak-CreERT+/+ 
males with Rosa26R-β-galactosidase+/+ females and administered a 
low  tamoxifen dose at E7.5 or at E8.5. Embryos were then harvested at 
E10.5 or E11.5. We found embryos representative of both situations. In 
particular, some embryos showed no labelled cells in the tail posterior 
to the hindlimbs and contained positive clones only in more anterior 
areas of the body (Fig. 29A). However, a few embryos exhibited a 
reduced number of cells in the CNH two-three days after the pulse of 
tamoxifen. These cells also produced descendents in both the neural 
and mesodermal compartments in a wide AP domain (Fig. 29B-D). 
These findings suggest that recombination occurred in long term axial 
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progenitors and confirm that the T enhancer used in this construct in 
active in these cells. 
 
 
Figure 29. Low dose of tamoxifen induces reduced recombination. Whole-mount β-galactosidase 
staining of T-streak-CreERT +/0::Rosa26R-β-gal+/0 embryos. A,B Treatment with 50 µg of tamoxifen at E7.5 
basically induced two patterns of recombination. A Dispersed clones along the AP axis anterior to the 
hindlimbs. B Interspaced clones along the AP axis, also posterior to the hindlimbs. Arrowhead indicates a 
group of recombined cells in the tail bud. Note recombination also in the hindgut (arrow). C,D Treatment 
with 200 µg of tamoxifen at E8.5. The same tail is shown in lateral (C) and dorsal (D) views. Arrowheads 
indicate a single event of recombination in the CNH region. Note positive cells in both the neural tube (NT) 
and the somites (S). 
 
 Then, we decided to take advantage of this system to investigate 
the long term axial progenitors in Gdf11 mutant embryos. We observed 
that these mutants exhibit segregation of T-positive populations during 
tail growth (see chapter 2). We thus introduced the Gdf11 mutant allele 
into the T-streak-CreERT+/+ and Rosa26R-β-galactosidase backgrounds 
(Gdf11+/-;T-streak-CreERT+/+ and Gdf11+/-;R26R-β-gal+/+ mice,  
respectively). Surprisingly, we were not able to harvest any Gdf11-/-
;R26R-β-gal+/0;T-streak-CreERT+/0 embryos at any stage, regardless of 
whether they were treated or not with tamoxifen. Indeed, we found that 
the genotypes for the Gdf11 alleles significantly deviated from the 
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expected Mendelian (1:2:1) ratio (Table 3), which suggests early 
lethality of Gdf11-/- embryos in the T-streak-CreERT+/0 background. 
These findings raise the intriguing possibility that in the mouse line 
#47, the T-streak-CreERT transgene had affected the expression of a 
gene that is essential for embryonic development in the absence of 
Gdf11, but it is dispensable when Gdf11 is present. Interestingly, in the 
Gdf11 mutant background, the presence of one single allele of T-streak-
CreERT was already lethal very early in development. Alternatively, 
expression of the CreERT molecule in the PS is not compatible with 
development in the absence of Gdf11. To discern between these two 
possibilities, we are now testing the compatibility of a different T-
CreERT mouse line (#49) with the absence of Gdf11. 
 
Table 3. Gdf11 genotyping in the R26R-β-gal+/0;T-streak-CreERT+/0 #47 background1. 
Genotype Number of embryos obtained 
Frequency (%) 
Observed Expected 
Gdf11+/+ 68 44.2 25 
Gdf11+/- 86 55.8 50 
Gdf11-/- 0 0 25 
    
Total 154 100 100 
1The fit to Mendelian expectation was tested with a chi-square test: χ2 = 62.16, degrees of freedom = 2, 
P<0.0001. 
 
Identification of the integration locus 
At the same time we started the experiments with the transgenic line 
#49, we determined the locus of transgene integration in the T-streak-
CreERT line #47 using the method described by Liang et al. (2008) 
(Fig. 30). We found that the transgene inserted as multiple copies into 
an intergenic region on chromosome 14, between an uncharacterized 
putative protein named Gm6999 and the protocadherin-8 isoform 2 
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precursor gene (Pcdh8) at the 5' side and the olfactomedin-4 precursor 
gene (Olfm4) at the 3' side (Fig. 30A). The site of integration was 
confirmed by multiplex PCR using two primers for the endogenous 
chromosome and a primer for the transgene (Fig. 30C) (see materials 
and methods). Based on evolutionary conservation (Siepel et al., 2005), 
it is possible that integration has disrupted a regulatory region (Fig. 30). 
Current efforts are being made to further examine this genetic 
interaction. 
 
 
Figure 30. Integration locus of the T-streak-CreERT transgene in mouse line #47. A Schematic 
representation of the integration locus on mouse chromosome 14. Two known genes and a putative protein 
localize nearby the site of integration. The proximity to a conserved region suggest that the transgene has 
disrupted a regulatory element. B Schematic representation of the identification strategy described by Liang 
et al. (2008). See Liang et al. (2008) for further information. C Genotyping of homozygous (+/+), 
heterozygous (+/0) and wild type (0/0, wt) mice for the T-streak-CreERT transgene using primers designed 
after the determination of the integration locus. 
 
III.4 - Material and Methods 
 
Transgenesis, genotyping and mice 
The R26R-β-galactosidase+/+ and R26R-YFP+/+ reporter lines (Soriano, 
1999; Srinivas et al., 2001) were purchased from Jackson laboratories. 
The T-streak-CreERT construct for the production of transgenic lines 
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was kindly provided by A. Gossler and B. Herrmann. We generated 
transgenic mice in a FVB/N genetic background by pronuclear 
injection using standard procedures (e.g. Nagy et al., 2003). 
Genotyping was carried out by polymerase chain reaction (PCR) from 
genomic DNA obtained from tail tip biopsies, using primers CreF, 5'-
CGAGTGATGAGGTTCGCAAG-3' and CreR, 5'-
CACCAGCTTGCATGATCT-3', which produce a 885 bp product. 
Amplification conditions were: initial denaturation at 95º C for 5 
minutes, followed by 35 cycles of (1) 95º C for 45 seconds, (2) 62º C 
for 45 seconds, (3) 72º C for 45 seconds, and then by a final extension 
of 5 minutes at 72º C. Male founders were crossed with Rosa26R-
YFP+/+ reporter mice (Srinivas et al., 2001) to determine CreERT 
induction. Female founders were first crossed to a C57Bl/6 mouse to 
produce male offspring. 
 The site of transgene integration was identified as described 
(Liang et al., 2008). Confirmation of the integration locus was 
performed by multiplex PCR on genomic DNA from tail tip biopsies, 
using primers #47wt_For1 5'-GAGGGAGAGATCAGGACCATGC-3', 
#47pA_For2 5'-CACTGCATTCTAGTTGTGGTTTGTCC-3', and 
#47wt_Rev 5'-ATCGCCTCACTCCTCCTTTGC-3'. Primers 
#47wt_For1 and #47wt_Rev produced a product of 478 bp in the wild 
type region, while primers #47pA_For2 and #47wt_Rev produced a 
product of 267 bp in the transgenic allele. Amplification conditions 
were used as previously mentioned, with an annealing temperature of 
60º C.  
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Tamoxifen treatment and embryos 
Pregnant females were injected intraperitoneally with 2 mg of 
tamoxifen in corn oil (from a 10 mg/ml stock solution) per 20 grams of 
body weight, unless stated otherwise. Embryos were harvested by 
cesarean section. When the R26R-YFP reporter was used, embryos 
were washed in PBS and observed under a fluorescence stereoscope 
(SteREO Lumar.V12, Zeiss). Alternatively, when experiments involved 
the R26R-β-gal reporter, embryos were fixed with Mirsky's fixative 
(National Diagnostics) and stained for β-galactosidase activity, as 
previously described in chapter 2. 
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Chapter IV  
Compartment-dependent activities of Wnt3a/β-catenin signaling 
during the extension of the mouse body 
adapted from  
Jurberg AD, Aires R, Nóvoa A, Rowland JE, Aulehla A, Mallo M. 
Compartment-dependent activities of Wnt3a/β-catenin signaling during 
vertebrate axial extension. In preparation 
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IV.1 - Summary 
Axial growth results from the activity of axial progenitors that produce 
precursors for the different body tissues. A variety of analyses is 
consistent with the existence of common progenitors for the neural 
tissue and the paraxial mesoderm, first localized in the epiblast next to 
the anterior region of the PS and later in the tail bud. We show that 
Wnt3a/β-catenin signaling in the epiblast indeed impacts neural 
differentiation, but does not promote mesoderm production as 
expected. High levels of Wnt3a resulted in the accumulation of 
undifferentiated epiblast progenitors that failed to ingress through the 
PS, suggesting that Wnt3a in the epiblast is not sufficient to promote 
the formation of mesoderm. On the contrary, Wnt3a/β-catenin signaling 
in the epiblast is involved in the maintenance of these axial progenitors. 
In addition, high levels of Wnt3a in the epiblast also impacted somite 
size and lateral mesoderm production, suggesting that the different 
effects of Wnt3a/β-catenin signaling during posterior extension of the 
body are context-dependent. 
 
IV.2 - Background 
Formation of the vertebrate body requires a combination of well 
orchestrated cell proliferation and differentiation processes. After initial 
patterning events that define the embryonic AP axis and trigger 
gastrulation, most of the embryo is made by sequential addition of new 
tissue at its posterior end (reviewed in Stern et al., 2006). These tissues 
are continuously produced from axial progenitors that have been 
suggested to have stem cell-like properties. In a first phase, these 
progenitors are localized in the epiblast and respond to the organizing 
activity of the PS. Later in development, axial progenitors relocate to 
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the tail bud, which becomes the driver for posterior growth (reviewed 
in Wilson et al., 2009). Axial progenitors comprise an heterogeneous 
cell population. They include a population of bipotent N-M cells that 
are able to originate both neural tube and paraxial mesoderm all along 
the AP body axis (Tzouanacou et al., 2009; Wilson et al., 2009). These 
N-M progenitors are first located in the region between the node and 
the anterior region of the PS, known as the node-streak border (NSB), 
and later in the chordoneural hinge (CNH) within the tail bud (Wilson 
et al., 2009). In addition to the N-M progenitors, the epiblast also 
contains progenitor cells for the lateral and intermediate mesoderm. In 
association with the endoderm, these mesodermal compartments 
assembly most of the trunk-related organs (Carlson, 1999). The 
mechanisms that control coordinated production of all these progenitors 
are still not well understood, but a variety of molecular and genetic 
analyses have shown the involvement of many signaling pathways, 
such as Wnt/β-catenin, FGF, RA and BMP (Iulianella et al., 1999; 
Martin and Kimelman, 2012; Olivera-Martinez et al., 2012; Takemoto 
et al., 2011; Wilson et al., 2009). However, understanding the specific 
roles of those signaling systems on axial progenitors is not always 
straightforward, because they are often involved in more than one 
process relevant to axial growth, such as somitogenesis and body 
patterning (Dubrulle and Pourquié, 2004b). 
 One of the best studied signaling pathways during axial 
extension is activated upon Wnt3a binding (Petersen and Reddien, 
2009). Mutant embryos for Wnt3a are truncated posterior to the 
forelimbs (Takada et al., 1994), which suggests that this factor might be 
essential for the proper function of axial progenitors. Such truncation is 
associated with a strong reduction of mesodermal structures and with 
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the over-production of neural tissues (Takada et al., 1994; Yoshikawa 
et al., 1997). Recently, it has been suggested that this phenotype 
resulted from abnormal behavior of the bipotent N-M progenitors, 
which in the absence of Wnt3a take a neural fate (Martin and 
Kimelman, 2012). In particular, these authors have shown that 
progenitors in the tail tip of the zebrafish undergo neural or 
mesodermal differentiation depending on whether the Wnt3a/β-catenin 
pathway is blocked or stimulated, respectively (Martin and Kimelman, 
2012). However, other studies seemed to be somewhat conflicting with 
this interpretation. Takemoto et al. (2006) have reported that the 
combined activity of FGF and Wnt/β-catenin signaling promote Sox2 
expression in the NSB. Afterwards, Takemoto et al. (2011) have shown 
that the activation of Tbx6 in the PS and presomitic mesoderm (PSM) 
drives them into a mesodermal fate, a process that requires 
downregulation of Sox2. Strikingly, Tbx6 seemed to block Sox2 
expression not by direct interaction with the relevant enhancer, but 
rather through the downregulation of Wnt3a (Takemoto et al., 2011). 
According to these findings, these authors have proposed that the 
ectopic neural tube in Tbx6 mutant embryos resulted from persistent 
Wnt3a expression in the prospective PSM region, which would keep 
the activation of Sox2 in this tissue (Takemoto et al., 2011). However, 
these observations seem to be at odds with other known activities of 
Wnt3a/β-catenin signaling during embryogenesis (Aulehla and 
Pourquié, 2010). In particular, Wnt3a and β-catenin are present in the 
PSM as a posterior to anterior gradient, which participates in the 
maintenance of PSM cells in an undifferentiated state that prevents 
segmentation (Aulehla et al., 2008; Dunty et al., 2008). More 
specifically, sustained activation of β-catenin in the PS resulted in a 
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strong inhibition of somitogenesis posterior to the first few somites and 
an enlarged PSM (Aulehla et al., 2008; Dunty et al., 2008). The 
ultimate fate of the PSM tissue which failed to produce somites was not 
further scrutinized. However, it seems unlikely that they acquired a 
neural fate, as would be expected if the ectopic neural tube of Tbx6 
mutants was a consequence of upregulated Wnt3a in the prospective 
paraxial mesoderm. One possible explanation for these discrepancies is 
that Wnt3a/β-catenin signaling produce distinct effects in progenitors 
and in prospective mesodermal cells after their ingression through the 
PS. 
 Here, we show that activation of Wnt3a or β-catenin in different 
embryonic compartments produces dissimilar effects associated to AP 
patterning and growth processes. Overexpression of Wnt3a in the 
epiblast prior to cell ingression through the PS resulted in strong 
malformations posterior to the forelimb buds. Molecular analyses 
indicate that Wnt3a activation in this region impaired neural 
development, but still allowed mesodermal differentiation, which kept 
a considerable degree of patterning. On the other hand, Wnt3a activity 
in the PSM promoted or stabilized mesodermal fates with no apparent 
impact on neural fate. In the context of previously published data 
(Martin and Kimelman, 2012; Takemoto et al., 2006, 2011), our current 
results suggest different context-dependent roles for Wnt3a/β-catenin 
signaling. 
 
 
 
 
 
155 
 
IV.3 - Results 
 
Stabilization of β-catenin in mesodermal derivatives results in non-
segmented mesoderm and seemingly unaffected neural tube 
T-Cre::β-catenindel(ex3)/+ embryos have an expanded PSM and a virtual 
absence of somitogenesis after the first few somites were formed 
(Aulehla et al., 2008). To evaluate the fate of the PSM tissue that failed 
to produce somites, we let these embryos develop until embryonic stage 
(E)10.5. At this stage, T-Cre::β-catenindel(ex3)/+ embryos presented 
malformations that correlated with those observed at younger stages 
(Aulehla et al., 2008). They included the absence of most embryonic 
structures posterior to the heart region, in addition to a large ectopic 
mass in the ventral part of the embryo and a recognizable tail bud (Fig. 
31). 
 Molecular analyses indicated that the posterior region of these 
embryos exhibited an expansion of the Tbx6 domain and a seemingly 
well developed neural tube with a kinked morphology along the AP 
body axis, as evidenced by Sox2 expression (Fig. 31A-D). These 
findings suggest that the stabilization of β-catenin in mesoderm 
derivatives leads to the continuous accumulation of non-segmented 
paraxial mesoderm without greatly impacting neural differentiation. It 
is possible that the kinked neural tube phenotype is derived from its 
fitting to the shorter AP length of the body in these embryos.  
 We also observed an unexpected degree of conservation of basic 
embryonic patterns, although forelimbs and hindlimbs were not readily 
evident (Fig. 31). The tail bud in these embryos preserved its 
organization when compared to wild type littermates, with a dorso-
medial Sox2-positive neural tube and a Tbx6-positive PSM, although 
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this latter tissue remained unable to form somites (Fig. 31A-D). The AP 
patterning of the body seemed also relatively unaffected in the T-
Cre::β-catenindel(ex3)/+ embryos. In particular, Hoxc10 had a clear 
anterior expression border both in the neural tube and within the Tbx6-
positive mass (Fig. 31E,F). Its anterior expression border in the neural 
tube seemed to match the expression in wild type littermates, although 
the T-Cre::β-catenindel(ex3)/+ embryos lacked mesodermal hallmarks 
(e.g. somites and hindlimb buds) normally used as morphological 
reference of the AP level. We also identified Tbx4-positive spots in the 
posterior region of T-Cre::β-catenindel(ex3)/+ embryos (Fig. 31G,H). A 
ventral domain of Tbx4 expression between the posterior border of the 
enlarged Tbx6-positive region and the antero-ventral border of the tail 
bud was consistent with the presence of ventral lateral mesoderm (Fig. 
31G,H), suggesting that the trunk to tail transition occurred normally in 
T-Cre::β-catenindel(ex3)/+ embryos. Other more lateral Tbx4-positive 
spots could be remnants of the lateral mesoderm forming the hindlimb 
(Fig. 31G,H). This suggests that the mechanisms involved in the 
specification of hindlimb position along the AP axis were activated in 
these embryos, but hindlimb development was impaired upon the 
stabilization of β-catenin in mesodermal derivatives. The low level of 
Tbx4 expression in both domains would indicate that, contrary to the 
paraxial mesoderm, formation of the lateral mesoderm in these 
embryos was strongly reduced. Accordingly, expression of the 
splanchnic lateral mesoderm marker Wnt2 was also compromised in 
these embryos, being reduced to thin stripes ventral to the large mass of 
PSM (Fig. 31I,J). 
 These results show that persistent activation of the β-catenin in 
mesodermal derivatives does not induce neural differentiation, 
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indicating that the production of ectopic neural tube in the prospective 
PSM region of Tbx6 mutant embryos is either independent of Wnt3a 
expression or requires Wnt3a interaction with additional factors that are 
missing in the absence of Tbx6. Our findings also indicate that 
activated β-catenin in T-Cre::β-catenindel(ex3)/+ embryos had little 
effects on the functional characteristics of axial progenitors, as they 
were able to keep producing neural tissue and undergo trunk to tail 
transition to generate the tail bud. 
 
Figure 31. Stabilization of β-catenin in mesodermal derivatives results in axial abnormalities. Whole-
mount in situ hybridization of wild type (A,C,E,G,I) and T-Cre::β-catenindel(ex3)/+ embryos (B,D,F,H,J) at 
E10.5. A,B Expansion of unsegmented paraxial mesoderm in T-Cre::β-catenindel(ex3)/+ embryos, as revealed 
by Tbx6 expression (arrowhead). C,D Sox2 expression evidenced neural tube morphologies (arrows). 
Arrowhead indicates unsegmented paraxial mesoderm. E,F Hoxc10 expression. Arrows and arrowheads 
mark the anterior border of expression in the neural tube and paraxial mesoderm, respectively. In E, these 
borders are coincident. G,H Impairment of hindlimb outgrowth following β-catenin stabilization in 
mesodermal derivatives, as revealed by Tbx4 expression (arrowheads). I,J Visceral lateral mesoderm 
revealed by Wnt2 expression (arrowheads). * marks the ectopic mass of lateral mesoderm. 
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Overexpression of Wnt3a in the epiblast causes severe axial 
abnormalities 
We reasoned that the absence of negative effects on neural tube 
development in T-Cre::β-catenindel(ex3)/+ embryos could derive from the 
absence of activated β-catenin in their bipotent N-M progenitors. 
Consistent with this hypothesis, recombination in the T-Cre mouse line 
used to generate the T-Cre::β-catenindel(ex3)/+ embryos was essentially 
detected in the mesodermal compartments with no signs of activity in 
the neural tube (Perantoni et al., 2005). Therefore, to evaluate the effect 
of Wnt3a on axial progenitors we generated transgenic embryos in 
which Wnt3a was expressed under the control of an enhancer of the 
Cdx2 gene (Cdx2P-Wnt3a transgenics). This element has been shown 
to be active in the posterior epiblast and the PS from early embryonic 
stages and in a variety of their derivatives (Benahmed et al., 2008; 
Gaunt et al., 2005). We could only recover a few Cdx2P-Wnt3a 
transgenic embryos at E18.5, which had no obvious abnormalities (not 
shown). The low proportion of transgenics recovered at this stage 
suggested early developmental lethality. Consistent with this, most 
Cdx2P-Wnt3a transgenic embryos recovered at E10.5 were strongly 
malformed and exhibited defective vasculogenesis in the yolk sac, with 
no evident large blood vessels (Fig. 32A,B). Morphologically, these 
embryos were grossly normal up to the forelimb bud, but posterior to 
this level they were much shorter than their wild type littermates (Fig. 
32). These malformations were clearly different to those observed in T-
Cre::β-catenindel(ex3)/+ embryos and still contained some recognizable 
body structures (Figs. 31 and 32). In particular, Cdx2P-Wnt3a embryos 
exhibited lateral protrusions resembling hindlimb buds, as well as small 
and misshapen paired segmented elements resembling somites. Cdx2P-
159 
 
Wnt3a transgenic embryos failed to rotate, remaining dorsally bent and 
ventrally open (Fig. 32C-G). These embryos also contained a spherical 
cellular mass at their caudal end that seemed to be contiguous to other 
inner embryonic tissues (Fig. 32C-G). This ectopic mass was 
morphologically similar to the one also observed in T-Cre::β-
catenindel(ex3)/+ embryos (Figs. 31G-J and 32C-G). Globally, the 
morphological characteristics of Cdx2P-Wnt3a transgenic embryos 
suggested that, despite their strong overall malformations caudal to the 
forelimbs, they could still preserve a degree of normal patterning. 
 
 
Figure 32. High levels of Wnt3a in the epiblast cause severe abnormalities. A,B Yolk sac morphology 
of wild type (A) and transgenic (B) embryos revealed lack of large blood vessels upon high levels of Wnt3a 
in the epiblast. C-G Gross morphology of wild type (C,F) and Cdx2P-Wnt3a (D,E,G) embryos at E10.5. 
C,D Lateral view. E,F Dorsal view of the trunk. G Ventral view. 
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High levels of Wnt3a in the epiblast impact axial progenitor 
behavior and differentiation 
To further characterize the nature of the tissues posterior to the 
forelimb buds in Cdx2P-Wnt3a transgenic embryos, we performed an 
extensive analysis using molecular markers for different embryonic 
tissues. Expression of the neural primordial marker Sox2 was strongly 
downregulated posterior to the forelimbs (Fig. 33A,B), indicating that 
the contribution of neural tissue to this region was severely 
compromised. Further analyses of Cdx2P-Wnt3a transgenics revealed 
the presence of all mesodermal compartments in the embryonic tissue 
posterior to the forelimbs. The identity of the somite-like structures 
observed in Cdx2P-Wnt3a embryos was confirmed by Uncx4.1 
expression (Fig. 33C-E). In the most posterior somites, this gene was 
expressed in a striped pattern indicating a relative conservation of AP 
polarity within these small somites. However, this pattern was lost in 
more anterior somites within the malformed tissue, suggesting that AP 
polarity was not maintained in more mature somites (Fig. 33C-E). The 
compact morphology of the Cdx2P-Wnt3a transgenics hampered a 
proper analysis of the segmentation clock in the PSM. Despite this, the 
determination front marker Mesp2 was expressed in single bilateral 
stripes in the Cdx2P-Wnt3a embryos, resembling the pattern observed 
in wild type littermattes. We observed that Mesp2 expression pattern, 
however, was slightly more extended in its AP size in the trasgenics 
than in wild type embryos (Fig. 33F,G).  
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Figure 33. Abnormal neural and mesodermal development upon high levels of Wnt3 in the epiblast. 
Whole-mount in situ hybridization of wild type (A,C,F) and Cdx2P-Wnt3a embryos (B,D,E,G) at E10.5. 
A,B Impairment of neural tube development in Cdx2P-Wnt3a embryos, as revealed by Sox2 expression. C-
E Uncx4.1 expression reveals abnormal somite morphology in the transgenics. F,G Mesp2 expression 
reveals the determination front in both wild type and transgenic embryos. * marks the ectopic mass of 
lateral mesoderm. 
 
 In the posterior part of the embryo, the Uncx4.1 elements 
surrounded a mass of tissue, which was strongly positive for Wnt3a, but 
negative for the mesodermal markers T, Tbx6 and the Fgf8 target gene 
Spry4 (Fig. 34). This Wnt3a-positive tissue mass exhibited a 
disorganized morphology and epithelial characteristics (Fig. 34A-B'), 
suggesting that high levels of Wnt3a in the epiblast have impaired axial 
progenitor behavior. Conversely, such mesodermal markers were 
restricted to the most caudal region of the transgenic embryos. It is 
possible, therefore, that Wnt3a-positive cells remained as 
undifferentiated axial progenitors, while a subset entered the paraxial 
162 
 
mesodermal fate, giving rise to an abnormal PSM still competent to 
generate somites. When compared to wild type embryos, the PSM of 
Cdx2P-Wnt3a transgenics appeared reduced in its AP length but wider 
(Fig. 34C-H), which is compatible with their smaller somite size. 
 
 
Figure 34. Abnormal paraxial mesoderm morphology in Cdx2P-Wnt3a embryos. Whole-mount in situ 
hybridization of wild type (A,C,E,G) and Cdx2P-Wnt3a transgenic (B,B',D,F,H) embryos at E10.5. A-B' 
Wnt3a expression revealed a posterior region in the Cdx2P-Wnt3a transgenics that was negative for other 
PSM markers (C-H) and ectopic expression of Wnt3a in the hindlimbs. B' Transversal section revealed an 
epithelial organization of the Wnt3a-positive midline mass. C,D Expression of T, and E,F Tbx6 expression 
revealed an abnormal PSM. Inset in D Ventral view. G,H Spry4 expression identified forelimbs, hindlimbs 
and the abnormal PSM in Cdx2P-Wnt3a transgenics. * marks the ectopic mass of lateral mesoderm. 
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 Altogether, these results indicate that activation of Wnt3a 
signaling in the epiblast is able to prevent bipotent N-M progenitors 
from taking a neural fate. This observation is consistent with 
experiments in the tail bud of the zebrafish (Martin and Kimelman, 
2012). However, high levels of Wnt3a did not seem sufficient to 
stimulate the production of paraxial mesoderm from axial progenitors, 
but seemed to impair their exit from the epiblast. This raises the 
possibility that additional signals act on these cells to drive the 
formation of mesoderm. In this context, cells that are able to take a 
paraxial mesodermal fate produce a relatively functional, but smaller 
PSM, which preserves to some extent the segmentation program. These 
observations in Cdx2P-Wnt3a embryos are somewhat paradoxical 
considering the expanded PSM and lack of segmentation observed in T-
Cre::β-catenindel(ex3)/+ embryos (Aulehla et al., 2008). Such 
discrepancies, therefore, indicate that the corresponding phenotypes 
might derive from Wnt3a/β-catenin activity in different cellular 
compartments (epiblast and mesodermal derivatives). Alternatively, 
they may result from the distinct strategies used to activate the 
Wnt3a/β-catenin signaling in the Cdx2P-Wnt3a and T-Cre::β-
catenindel(ex3)/+ embryos. 
 
Wnt3a expression in the PSM affects segmentation and somite 
polarity 
To address this issue, we overexpressed Wnt3a in the PSM using the 
msd enhancer of Dll1 (Dll1P-Wnt3a transgenics) (Beckers et al., 2000). 
High levels of Wnt3a in the PSM resulted in much milder phenotypes 
than those observed in either T-Cre::β-catenindel(ex3)/+ or Cdx2P-Wnt3a 
embryos (Figs. 31-35). At E10.5, Dll1P-Wnt3a embryos extended their 
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AP axis further than any of the other two types of embryos and 
preserved many of the normal embryonic characteristics found in wild 
type littermates. These transgenic embryos contained recognizable 
somites, although in the most affected cases they were slightly 
abnormal in shape (Fig. 35A,B). Interestingly, we did not observe the 
typical stripped pattern of Uncx4.1 expression in Dll1P-Wnt3a embryos 
(Fig. 35A,B), which indicates compromised somite AP polarity. To 
analyze the origin of this phenotype, we evaluated Tbx6 and Mesp2 
expression given their roles in segmentation and in generating AP 
polarity within the somites (White, 2003). Expression of Tbx6 in 
Dll1P-Wnt3a transgenics was essentially restricted to the tail bud 
mesenchyme, but it did not show a sharp anterior border as it typically 
has in wild type embryos (Fig. 35C,D). Instead, the Tbx6 domain 
appeared anteriorly extended, following the expanded expression of 
Wnt3a in these transgenic embryos (Fig. 35E,F). Expression of Mesp2 
extended anteriorly into the somite-containing region of the paraxial 
mesoderm in Dll1P-Wnt3a embryos (Fig. 35G,H), apparently matching 
the expanded Tbx6 expression domain.  
 The different phenotypes observed in Dll1P-Wnt3a and T-
Cre::β-catenindel(ex3)/+ embryos suggest that excessive Wnt3a signaling 
in the PSM is still compatible with intersomitic border formation as 
long as β-catenin is susceptible of feedback regulation. However, high 
levels of Wnt3a in the PSM affected the establishment of proper AP 
polarity in the somites. Despite these abnormalities, the size of the PSM 
was apparently unaffected in Dll1P-Wnt3a transgenics, suggesting that 
the reduced PSM observed in the Cdx2P-Wnt3a transgenics was most 
probably derived from Wnt3a activity in the progenitors for the 
paraxial mesoderm rather than in mesodermal cells themselves.  
165 
 
 
Figure 35. Abnormal segmentation is Dll1P-Wnt3a transgenics. Whole-mount in situ hybridization of 
wild type (A,C,E,G) and Dll1P-Wnt3a transgenic (B,D,F,H) embryos at E10.5. A,B Uncx4.1 expression 
revealed loss of AP somite polarity and abnormal somite morphology in the transgenics. C,D Expanded 
PSM in the transgenics, as evidenced by Tbx6 expression. E,F Overexpression of Wnt3a in the PSM 
expanded the Wnt3a gradient in the transgenics. G,H Extended domain of Mesp2 expression in the 
transgenics. Brackets labels extended expression domains. 
 
High levels of Wnt3a in the epiblast impairs axial extension and 
body organization 
We next examined the impact of high levels of Wnt3a in the epiblast on 
trunk-associated tissues other than those derived from N-M progenitors. 
Cdx2P-Wnt3a transgenics contained derivatives of the node and most 
anterior region of the PS. In particular, expression of Shh and T  
revealed a reduced axial mesoderm in length, which apparently split in 
two longitudinal domains (Figs. 34C,D and 36A,B). We also detected 
the presence of visceral endoderm as revealed by Foxa1 expression 
(Fig. 36C,D). The patterns obtained for this gene were different to 
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those observed in wild type embryos, most likely reflecting the lack of 
ventral closure in the transgenics. Interestingly, we observed a strong 
domain of Shh expression at the level of the hindlimb buds (Fig. 
36A,B), corresponding to the most posterior limit of Foxa1 expression 
(Fig. 36C,D). The location of this Shh domain likely identifies the 
endodermal component of the developing cloaca. However, the strong 
malformations observed in the Cdx2P-Wnt3a transgenics did not allow 
us to rule out the possibility of an accumulation of axial mesoderm, but 
the absence of an equivalent concentration of transcripts for T seems to 
argue against it (Fig. 34C,D). If the Shh-positive caudal domain indeed 
corresponds to the cloaca, this would indicate the existence of a degree 
of AP patterning in the visceral endoderm of Cdx2P-Wnt3a transgenics. 
 Morphological examination of Cdx2P-Wnt3a transgenics 
revealed that, despite their strong malformations, these embryos 
contained forelimb and hindlimb buds (Fig. 37A-D). We confirmed 
their presence by expression of several markers, including the Fgf8 
target gene Spry4, as well as Tbx5, Tbx4 and Hand2 (Figs. 34G,H and 
37A-F). The restricted expression of Tbx5 and Tbx4 to the forelimb and 
hindlimb buds respectively indicates conservation of at least some 
regional specific characteristics along the AP axis of the Cdx2P-Wnt3a 
embryos (Fig. 37A-D). In addition to the limb buds, Cdx2P-Wnt3a 
transgenics also contained other components of the lateral mesoderm, 
as shown by the expression of Hand2 and Wnt2 (Fig. 37E-H). 
Moreover, Tbx4 expression extended into ventral tissues between the 
hindlimb buds, suggesting the presence of ventral lateral mesoderm 
involved in the development of the cloacal structures. This observation 
supports that the Shh-positive domain in this area can indeed represent 
the endodermal component of the cloaca. 
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Figure 36. Impaired ventral closure in Cdx2P-Wnt3a transgenics. Whole-mount in situ hybridization of 
wild type (A,C) and Cdx2P-Wnt3a transgenic (B,D) embryos at E10.5. A,B Shh expression revealed an 
apparent split in axial mesoderm of transgenic embryos (arrowheads). Arrows mark the endodermal 
component of the developing cloaca. C,D Expression of Foxa1 revealed disorganized visceral endoderm in 
the transgenics. 
 
 Interestingly, the spherical mass of tissue at the caudal end of 
Cdx2P-Wnt3a transgenic embryos was positive for Wnt2 and Tbx4 
(Fig. 37C,D,G,H), suggesting that it could represent an ectopic 
outgrowth of lateral mesoderm. Immunostaining with the endothelial 
marker PECAM-1 revealed that this structure is formed by a complex 
vascular plexus (Fig. 37I). These characteristics indicate that this mass 
represents an ectopic accumulation of lateral mesoderm-derived tissue. 
A similar Wnt2 and Tbx4-positive mass was also observed in T-Cre::β-
catenindel(ex3)/+ embryos (Fig. 31G-J), suggesting that stabilization of β-
catenin in mesodermal derivatives causes improper production of 
lateral mesoderm. Lastly, the presence of intermediate mesoderm in 
Cdx2P-Wnt3a transgenic embryos was indicated by the stripe of Pax2 
expression lateral to the somites (Fig. 37J,K). 
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Figure 37. Abnormal mesoderm formation upon high levels of Wnt3a in the epiblast. Whole-mount in 
situ hybridization of wild type (A,C,E,G,J) and Cdx2P-Wnt3a embryos (B,D,F,H,I,K) at E10.5. A,B 
Forelimb identification by Tbx5 expression. C,D Hindlimb identification by Tbx4 expression. E-H Lateral 
mesoderm evidenced by Hand2 (E,F) and Wnt2 (G,H) expression. The ectopic mass of caudal tissue 
(asterisk) also expresses these two genes. I PECAM-1 immunostaning revealed a complex vasculature 
network in this ectopic mass. J,K Intermediate mesoderm identification by Pax2 expression. 
169 
 
Wnt3a induces posterior Hox genes in the mouse 
The compressed morphology of Cdx2P-Wnt3a embryos suggests that 
posterior differentiation programs are precociously activated upon high 
levels of Wnt3a in the epiblast. Despite their severe phenotypes, 
embryonic structures seemed to be formed in a proper AP sequence, 
raising the possibility that Wnt3a causes a global posteriorization of the 
body in these transgenics. We then examined the expression of trunk 
and tail Hox genes to evaluate the impact of increased Wnt3a levels on 
the AP patterning of the body, focusing on posterior Hox genes as they 
label posterior body structures.  
 Expression of Hoxa9 in Cdx2P-Wnt3a transgenics followed a 
pattern that resembled the one observed in wild type embryos. In 
particular, it was detected in the forelimb bud and extended over the 
interlimb lateral mesoderm at lower levels to become stronger again at 
the level of the hindlimb bud (Fig. 38A,B). In more medial structures, 
Hoxa9 expression was observed at very high levels in the tissue 
posterior to the forelimb bud in Cdx2P-Wnt3a transgenics (Fig. 
38A,B). Hoxc10 expression was also expressed in midline structures at 
very high levels in the area that corresponds to the Wnt3a-positive mass 
of Cdx2P-Wnt3a transgenic embryos (Fig. 38C,D). Interestingly, when 
compared to Hoxa9 expression, the anterior border of Hoxc10 
expression was located at a more posterior axial level than the one 
observed for Hoxa9, similar to what was observed in wild type 
embryos (Fig. 38A-D). In addition, the anterior expression border of 
Hoxc10 expression in midline structures of Cdx2P-Wnt3a transgenic 
embryos coincided with the anterior expression border in more lateral 
structures, which could represent the paraxial and lateral mesoderm 
(Fig. 38C,D). In this latter structure, Hoxc10 expression coincides with 
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the hindlimb bud, thus also reproducing the expression patterns 
observed in wild type embryos (Fig. 38C,D). These observations 
indicate that despite the strong morphological alterations observed in 
Cdx2P-Wnt3a transgenics, Hox gene expression still preserved some of 
its normal characteristics, including their collinear activation and their 
relationship to specific morphological landmarks. In addition, it is clear 
that the overall position of the anterior borders of Hoxa9 and Hoxc10 
expression was more anteriorly located in Cdx2P-Wnt3a transgenics 
than in wild type embryos, which could indicate a global 
posteriorization of the embryo caudal to the forelimb bud. 
 We have recently shown that Gdf11 signaling is a major 
coordinator of the trunk to tail transition, also acting in the axial 
progenitors (chapter 2). We therefore reasoned that if Cdx2P-Wnt3a 
transgenic embryos are posteriorized, the activity of Wnt3a could be 
mediated by Gdf11 signaling. Gdf11 was expressed in the area of the 
Cdx2P-Wnt3a transgenics roughly corresponding to the PSM at levels 
that were not very different from those observed in wild type embryos 
(Fig. 38E,F). This indicates that at least the accumulation of Gdf11 
transcripts is not affected by the overexpression of Wnt3a. To further 
test this hypothesis, we compared the levels of phosphorylated 
Smad2/Smad3 in the posterior region of Cdx2P-Wnt3a and wild type 
littermates. Western blot analysis indicated that phosphorylated 
Smad2/Smad3 levels in Cdx2P-Wnt3a embryos were actually 
significantly lower than in the wild type embryos (Fig. 38G). Together, 
these findings indicate that if Wnt3a activity posteriorizes the embryo 
caudal to the forelimb bud, it does it most probably through a 
mechanism that does not involve activation of Gdf11/Alk5 signaling. 
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Figure 38. Wnt3a affects AP patterning of the body without perturbing Gdf11 expression. Whole-
mount in situ hybridization of wild type (A,C,E) and Cdx2P-Wnt3a embryos (B,D,F) at E10.5. A,B  Hoxa9 
expression. C,D Hoxc10 expression. Red arrows mark the anterior boundary of Hox expression in the 
neural tube. E,F Expression of Gdf11 is unaffected upon high levels of Wnt3a in the epiblast. Red arrows 
mark the PSM-like structure. Arrowheads mark forelimb position. Arrows mark the hindlimbs. G Western 
blot analysis of P-Smad2/3 levels in the posterior embryonic region upon overexpression of Wnt3a in the 
epiblast. 
 
IV.4 - Discussion 
 
Wnt3a levels influence distinct cell fate decisions during axial 
extension 
Our findings indicate that the tissues posterior to the forelimb bud of 
Cdx2P-Wnt3a embryos are mostly composed of mesodermal and 
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endodermal derivatives, at the expense of neural tissue. These 
observations are consistent with previous findings in zebrafish (Martin 
and Kimelman, 2012). Although overtly malformed, affected tissues 
still preserved a high degree of organization both in the AP and medial-
lateral axes, producing a structure that could be regarded as a 
compressed version of the equivalent area of a wild type embryo. We 
were able to identify all mesodermal compartments in Cdx2P-Wnt3a 
transgenics, indicating that Wnt3a activity is not incompatible with 
mesodermal production. Conversely, a strong Wnt3a-positive tissue in 
the medio-posterior region of these embryos was clearly negative for 
all tested mesodermal markers, suggesting that this tissue comprise 
undifferentiated epiblast progenitors that fail to ingress through the PS. 
In this case, it is possible that Wnt3a activity on its own is not sufficient 
to promote the formation of mesoderm from these progenitors, but 
might require the concerted activity of other factors. These findings 
also indicate that the Wnt3a-mediated inhibition of neural fates does 
not require activation of the mesodermal program. 
 Genetic studies in the mouse indicate that activation of Tbx6 is 
essential for bipotent N-M progenitors to give rise to paraxial 
mesoderm. While the activation of Tbx6 seems to require Wnt3a 
activity (Dunty et al., 2008; Hofmann et al., 2004; Yamaguchi et al., 
1999), Tbx6 expression is only weakly detected in the epiblast, 
regardless of the presence of Wnt3a in this structure (Takemoto et al., 
2011). Only after cells ingress through the PS, Tbx6 expression become 
strong (Takemoto et al., 2011). Therefore, the factors that collaborate 
with Wnt3a to produce paraxial mesoderm might be connected to the 
transit of prospective mesodermal cells through the PS. In the case of 
the Cdx2P-Wnt3a transgenics, even with the concomitant blocking in 
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the formation of neural tissue, the absence of extra paraxial mesoderm 
might reflect an impairment in cell ingression through the PS. As a 
consequence, those cells would stay in an epithelial-like structure 
directly derived from the epiblast where the progenitors are originally 
localized. 
 
Does Wnt3a signaling in the epiblast lead to global body 
posteriorization? 
The compressed structure of the Cdx2P-Wnt3a embryos posterior to 
their forelimb buds, with the maintenance of a considerable degree of 
normal AP and dorso-ventral (medio-lateral in this case) patterns, raises 
the possibility that this phenotype resulted from a global 
posteriorization caudal to the forelimbs. The relative position of 
hindlimb buds in these embryos is compatible with this hypothesis, 
since they were located closer to the forelimbs than in wild type 
embryos. Similarly, the anterior expression borders of Hoxa9 and 
Hoxc10 also looked anteriorly displaced when compared to wild type 
littermates, also fitting the interpretation of global posteriorization. This 
could mean that Wnt3a signaling produces a precocious activation of 
Hox gene expression, which would be in accordance to previous reports 
showing that Hox gene expression can indeed be stimulated by Wnt 
signaling (Klapholz-Brown et al., 2007; Lengerke et al., 2008). 
 However, it should be noted that the same phenotypic 
characteristics could be explained according to an alternative 
hypothesis. In particular, it is clear that formation of the tissues more 
relevant to AP axis extension, such as the neural tube and the paraxial 
mesoderm, were compromised to a large extent in Cdx2P-Wnt3a 
transgenics. In addition, the progenitors seemed to accumulate in a 
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folded epithelial structure that did not undergo extensive posterior 
extension. Under these conditions, progressive establishment of 
“normal patterns” (like Hox gene activation) in the tissues derived from 
axial progenitors would not unfold properly along the AP axis, but 
would rather become trapped within the abnormal epithelial folds, 
giving a false impression of posteriorization. The production of lateral 
mesoderm seemed somewhat less compromised in these embryos, 
which resulted in the formation of recognizable structures, most 
particularly the hindlimbs. Under the conditions imposed to the 
progenitor derivatives, the absolute position of the hindlimb buds 
would then also be closer to the forelimb buds, but just as a result of 
physical constraints rather than to their more anterior induction. 
Differentiation between these possibilities is not simple, as it is not the 
design of experimental approaches that would allow to definitely solve 
this issue. 
 
Intrinsic cell properties may determine Wnt3a/β-catenin activity in 
the epiblast and the paraxial mesoderm 
The effect that we observed for Wnt3a in the epiblast contrasts with its 
ability to promote Tbx6 expression when present in the PSM. This 
indicates that after cells had already taken a paraxial mesodermal fate, 
Wnt3a/β-catenin signaling is able to promote and/or maintain the 
mesodermal program. Interestingly, however, during normal 
development, Wnt3a transcripts are downregulated as newly produced 
cells leave the PS (Takemoto et al., 2011). Such downregulation is 
most likely mediated by Tbx6 activity, as it does not occur in Tbx6 
mutants (Takemoto et al., 2011). It is possible that the transcriptional 
block of Wnt3a in the cells as they enter the PSM is in the origin of the 
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posterior to anterior gradient of Wnt3a/β-catenin activity through the 
PSM (Aulehla et al., 2008). In this case, this would follows a 
mechanism similar to that described for Fgf8 (Dubrulle and Pourquié, 
2004a). 
 Altogether, these results indicate a sequential activity of Wnt3a-
mediated signals during the production of the paraxial mesoderm. In a 
first step, Wnt3a might be required to balance the decision of bipotent 
N-M progenitors to produce nervous tissue or mesoderm. In this case, 
those cells exposed to higher Wnt3a levels would be prevented from 
taking a neural fate and would become competent to respond paraxial 
mesoderm-inducing signals when in contact with the PS. This is 
consistent with the phenotype of the Wnt3a mutant embryos, which 
contain an excess of neural tissue at the expense of paraxial mesoderm 
(Takada et al., 1994; Yoshikawa et al., 1997). Thus, the known role of 
Wnt3a/β-catenin signaling in participating in the determination front 
during somitogenesis would only become activated after cells entered 
the PSM (Pourquié, 2011). 
  It has been described that Wnt3a is expressed in the prospective 
PSM area of Tbx6 mutants, although this region differentiates into 
neural tissue (Takemoto et al., 2011). From this phenotype, it is patent 
that Tbx6 is required for repressing neural fates in this tissue. However, 
the role that Wnt3a plays in this process is still obscure. The 
coexistence of neural tissue with Wnt3a expression suggests that, 
contrary to what happens in the axial progenitors, Wnt3a might not be 
able to block neural programs in cells after ingression through the PS. It 
is not clear if this is the consequence of the requirement of Tbx6 for 
such inhibition or if it derives from intrinsic properties of the cells after 
they transit through the PS. Although it is not possible to properly 
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evaluate these possibilities on the basis of currently available data, our 
observation that Wnt3a blocks neural differentiation without activation 
of Tbx6 in Cdx2P-Wnt3a transgenics gives some support to the second 
possibility. 
 An important characteristic of the Cdx2P-Wnt3a transgenics is 
that their phenotype is mostly restricted to the embryonic area posterior 
to the forelimb bud. This could be the consequence of the activity of 
the Cdx2P enhancer. However, this regulatory element has been 
reported to be already active in the mouse posterior epiblast as early as 
E7.5 (Benahmed et al., 2008; Gaunt et al., 2005). Alternatively, it 
might reflect intrinsic properties of axial progenitors populating the 
epiblast before or after the axial level of the forelimb. This explanation 
is consistent with the phenotype of the Wnt3a mutant embryos, which 
also affects embryonic tissues posterior to the forelimb bud (Takada et 
al., 1994). If this is the case, it would suggest the existence of a major 
switch in tissue competence at this axial level. Interestingly, there are 
several other mutant phenotypes that share this characteristic with 
Wnt3a mutants and Cdx2P-Wnt3a transgenic embryos. For instance, in 
the absence of genes like Raldh2, T, Tbx6 or in compound Cdx mutants, 
development proceeds up to the level of the first few somites, but gets 
arrested posterior to this level (Chapman and Papaioannou, 1998; 
Herrmann et al., 1990; Mic et al., 2002; Niederreither et al., 1999; van 
Rooijen et al., 2012). These observations indicate that axial extension 
through the forelimb bud level might be accompanied by relevant 
changes in functional properties of the new tissue. This view is also 
supported by the differential mode of notochord production during axis 
elongation (Yamanaka et al., 2007). In this context, Raldh2 mutants 
have special relevance, because their phenotype can be rescued to a 
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large extent when exogenous administration of RA is provided at the 
precise embryonic stage in which their development becomes arrested 
(Mic et al., 2002; Niederreither et al., 1999, 2000, 2001). Therefore, it 
is possible that RA activity might be required for eliciting the transition 
in cell competence at this axial level. Experiments are currently in 
progress to address this hypothesis. 
 
IV.5 - Material and Methods 
 
Transgenic constructs, mice and embryos 
T-Cre::β-catenindel(ex3)/+ embryos were generated as previously 
described (Aulehla et al., 2008). Transgenic constructs were generated 
by cloning the mouse Wnt3a cDNA (NM_009522) downstream of the 
9.5 kb fragment enhancer of the Cdx2 gene (Benahmed et al., 2008) or 
the msd enhancer of Dll1 (Beckers et al., 2000) using standard 
molecular biology techniques. Constructs were released from plasmid 
sequences, gel purified and used to generate transgenic embryos by 
pronuclear microinjection. Embryos were collected by cesarean section, 
fixed in 4% PFA and analyzed by whole mount in situ hybridization as 
previously described (Kanzler et al., 1998). See in situ probe 
information in chapter 2 (page 129). Morphological examination using 
the carmine staining technique was performed as previously described 
(chapter 2). Genotyping was performed as described in chapter 2, using 
primers summarized in Table 4. 
 
Table 4. Primer information for genotyping. 
Gene Forward Reverse 
Wnt3a GAGGAATGGTCTCTCGGGAG CTTGAAGTACGTGTAACGTGGC 
Ctnnb1 TAGCTGCAGGGGTCCTCTGTG GGCACCAATGTCCAGTCCAAG 
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Whole-mount immunostaining 
For whole-mount PECAM-1 immunostaining, PFA-fixed embryos 
were washed in PBS, dehydrated and rehydrated in methanol/PBT 
series, and washed twice in PBT. Embryos were blocked overnight in a 
1% BSA+0.5% Tween-20 solution in PBS at 4º C, under agitation. 
They were then washed three times in PBT and incubated overnight in 
the primary antibody solution (1/100 PECAM-1/CD31 diluted in 
0.5%BSA+0.25% Tween-20 in PBS) at 4º C, under agitation. Embryos 
were then washed thoroughly in PBS at room temperature and 
incubated overnight in the secondary antibody solution (1/100 goat 
anti-rat Alexa488 diluted in 0.5%BSA+0.25% Tween-20 in PBS) at 4º 
C, under agitation and protected from the light. They were washed 
thoroughly in PBS at room temperature, in the dark, and dehydrated in 
a methanol/PBT series. Then, embryos were cleared in a methyl 
salicylate/methanol series and imaged by laser scanning confocal 
microscopy (Zeiss LSM-510 Meta). 
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Chapter V – Final considerations 
"El conocimiento es como navegar en un océano de incertidumbre 
entre archipiélagos de certeza" 
Edgar Morin 
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Final considerations 
The posterior extension of the vertebrate AP axis is a complex process, 
involving the generation of different tissue derivatives with specific 
patterning information (AP, DV and LR). At the same time, a pool of 
progenitor cells must remain undifferentiated to sustain further tissue 
production. Any imbalance between these two processes may lead to 
embryo lethality usually due to circulatory abnormalities or the 
precocious termination of the AP axis. The work presented in this 
thesis aimed at investigating mechanisms controlling the formation of 
the posterior vertebrate body. More specifically, three main processes 
were focused during the course of this research: 1) mesoderm 
production, 2) regional patterning of the body, and 3) behavior of axial 
progenitors. 
 
V.1 - Mesoderm production 
Mesoderm arises initially from the ingression of epiblast cells through 
the PS and then from the activity of the tail bud (Wilson et al., 2009). 
Our results suggest that high levels of Wnt3a in the epiblast impair 
axial progenitor differentiation into neural tissue. Surprisingly, 
although mesoderm production was not impaired, overexpression of 
Wnt3a did not induce large amounts of mesoderm from these epiblast 
cells. The effects were somewhat different in the various mesodermal 
compartments. Paraxial mesoderm seemed to be the most affected as 
these embryos only had a small PSM and small somites. Globally, 
formation of lateral mesoderm seemed less affected by Wnt3a 
overexpression, since most of the typical structures derived from this 
compartment were identifiable, such as the hindlimb buds and the 
ventral lateral mesoderm. These observations are compatible with the 
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fate-mapping of the PS, in which more posterior regions (exposed to 
higher Wnt3a levels) give rise to lateral mesoderm and more anterior 
regions (exposed to lower Wnt3a levels) contribute to paraxial 
mesoderm (Fig. 39) (Lawson et al., 1991; Tam and Beddington, 1987; 
Wilson and Beddington, 1996). It is possible, therefore, that lateral 
mesoderm is less susceptible to higher Wnt3a levels. Interestingly, we 
found evidence that part of the lateral mesoderm also became 
delocalized in the Cdx2P-Wnt3a transgenics. This conclusion was 
based on the presence of a caudal accumulation of vascularized tissue 
with lateral mesoderm characteristics (e.g. expression of Wnt2, Hand2 
and Tbx4) in these embryos. If this is indeed the case, this impact on 
the lateral mesoderm could have resulted from the inability of cells to 
properly migrate away to more anterior regions. In agreement with this, 
Sweetman et al. (2008) have described that Wnt3a inhibits cell 
migration from the posterior PS in the chicken. Alternatively, this 
ectopic mass could have also derived from the accommodation of an 
excess of lateral mesoderm into a smaller region in the Cdx2P-Wnt3a 
transgenics. Recently, Martin and Kimelman (2012) have shown that 
committed mesoderm differentiates into blood endothelium in the 
absence of Wnt3a. As the ectopic aggregate is no longer exposed to 
Wnt3a, a similar mechanism could be in the origin of the increased 
formation of blood vessels in this tissue. 
 The observation that Wnt3a alone cannot induce mesoderm 
from epiblast cells suggests that specification of mesoderm requires the 
concomitant activity of other signaling pathways. It is also possible that 
the Cdx2P-Wnt3a phenotype results from the inability of induced 
mesoderm to ingress through the PS. A likely candidate to act in 
synergy with the Wt3a/β-catenin pathway is the FGF signaling, because 
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inactivation of Fgf8 or Fgfr1 results in the arrest of embryo 
development at the gastrulation stage due to the accumulation of cells 
in the epiblast (Ciruna and Rossant, 2001; Ciruna et al., 1997; Deng et 
al., 1994; Guo and Li, 2007; Sun et al., 1999; Yamaguchi et al., 1994). 
In addition, Fgf8 is able to induce the expression of the nascent 
mesoderm marker T (Fletcher et al., 2006; Guo and Li, 2007). Further 
experiments need to be carried out to examine the impact of FGF 
signaling or other pathways in conjunction with Wnt3a/β-catenin 
signaling during mesoderm formation. 
 
 
Figure 39. A model for Wnt3a activity in the primitive streak. A posterior (P) to anterior (A) gradient of 
Wnt3a results in the differentiation of distinct compartments during early axial extension. The switch in the 
mode of tissue production during trunk to tail transition may lead to a different requirement of Wnt3a 
activity to sustain undifferentiated axial progenitors. See Figure 40 and text for further information. 
Vasculature differentiation occurs as specified lateral mesoderm leave regions under the influence of high 
levels of Wnt3a (adapted from Ramkumar and Anderson, 2011). 
 
 The inability of Wnt3a to produce paraxial mesodermal upon 
overexpression in the epiblast seems contradictory with the observation 
that zebrafish tailbud cells take a mesodermal fate upon activation of 
the Wnt/β-catenin pathway (Martin and Kimelman, 2012). A possible 
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explanation for these distinct observations is the difference in target 
tissues. In the Cdx2P-Wnt3a transgenics, the target tissue encompasses 
progenitors in the epiblast, which exhibit epithelial characteristics (Fig. 
39). In turn, the zebrafish tail bud harbors mesenchymal progenitor 
cells. Therefore, the switch in the mode of tissue production during the 
trunk to tail transition might influence the response of axial progenitors 
to Wnt3a levels. In particular, axial progenitors in the epiblast are 
initially exposed to different levels of Wnt3a, whereas bipotent N-M 
progenitors occupy a region (the NSB) with low levels of Wnt3a (Fig. 
39). After the trunk to tail transition, N-M progenitors are reallocated to 
a region (the CNH) with high levels of Wnt3a (Fig. 40). Whether this is 
the case, it remains to be experimentally evaluated. 
 
 
Figure 40. A model for tail bud organization in the mouse. Schematic representation of wild type (top) 
and Gdf11 mutant split (bottom) tails. Loss of Gdf11 (gray triangle) leads to the segregation of tail bud 
cells and abnormal formation of neural tube (dark blue), notochord (green) and hindgut (yellow), in 
addition to an increase in Fgf8 expression (light blue triangles) and decrease in Wnt3a expression (red 
triangles). CNH cordoneural hinge, dpTB dorso-posterior tail bud, vTB ventral tail bud. 
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 We found that high levels of Wnt3a in the epiblast impacts 
somitogenesis, reducing somite size. This could be due to a reduction in 
the production of paraxial mesoderm from the epiblast or to an impact 
in the length of gene oscillations in the PSM. In this context, Gibb et al. 
(2009) have reported that Wnt/β-catenin signaling controls the 
periodicity of the segmentation clock in chick and mouse. In particular, 
downregulation of the Wnt/β-catenin pathway by using a 
pharmacological inhibitor of the casein kinase 1 resulted in an increase 
in the oscillatory period of Lfng expression. In the complementary 
experiment, however, they showed that exogenous Wnt3a only 
accelerated Lfng oscillations in very few cases (Gibb et al. 2009). 
Although we have not assessed Lfng expression in our Cdx2P-Wnt3a 
transgenics due to their strong axial phenotype, it is possible that the 
reduced level of Wnt3a in the PSM of Cdx2P-Wnt3a transgenics 
caused a reduction in the cycling period of Lfng and resulted in smaller 
somites. Alternatively, the small somites of Cdx2P-Wnt3a transgenics 
could have also resulted from the smaller PSM, which would affect the 
gradients (e.g. FGF) involved in somitogenesis and impact the number 
of cells contributing for every new somite. Further experiments are 
being performed to examine these possibilities. 
 Our findings also revealed the involvement of Wnt3a signaling 
in producing somites with proper AP polarity. Interestingly, both 
intersomitic border formation and somite AP polarity have been 
previously shown to depend on similar mechanisms involving Notch 
signaling, Tbx6 and Mesp2 (Morimoto et al., 2005, 2006; Oates et al., 
2005; Oginuma et al., 2008, 2010; Rodrigues et al., 2006; Saga, 2007). 
However, how they specifically affect each process is less clear. 
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 The different phenotypes observed in Dll1P-Wnt3a and T-
Cre::β-catenindel(ex3)/+ embryos suggest that intersomitic border 
formation requires that β-catenin proteins are susceptible for feedback 
regulation. Interestingly, our embryos overexpressing Wnt3a in the 
epiblast (Cdx2P-Wnt3a transgenics) or a constitutive active form of β-
catenin in distinct mesodermal compartments (T-Cre::β-catenindel(ex3)/+ 
embryos) exhibited some similar abnormalities, such as shortening of 
the AP axis and an ectopic mass of lateral mesoderm tissue. These 
observations led us to the conclusion that most of the abnormalities 
found in Cdx2P-Wnt3a embryos resulted from the stabilization of β-
catenin in mesodermal derivatives. 
 
V.2 - Axial extension and regionalization of the body 
The observation that vertebrates bearing extended trunks frequently 
exhibit loss of the hindlimbs lead us to investigate a common 
mechanism controlling the transition from trunk to tail and the 
specification of hindlimb position. Based on our results, we speculate 
that the positioning of the limbs along the body marks the switch in the 
mode of tissue generation during AP axis extension. According to our 
findings, the emergence of hindlimbs and cloaca results from the 
terminal differentiation of lateral mesoderm progenitors associated with 
the transition from trunk to tail (Fig. 41). Intriguingly, production of the 
forelimbs is somehow connected with the induction of the heart field 
from the lateral mesoderm, roughly coinciding with the neck to trunk 
transition (see Waxman et al., 2008; Zhao et al., 2009). Together, these 
observations raise the intriguing possibility that limb induction may 
mark the switch in the mode of tissue production during vertebrate 
axial extension, dividing body formation in three phases. The first 
189 
 
phase would comprise the production of the head and the neck, whereas 
the second and third phases regard the formation of the trunk and the 
tail, respectively. Thus, the forelimbs would mark the onset of lateral 
mesoderm production and the head-neck to trunk transition, whereas 
the hindlimbs would mark the termination of lateral mesoderm 
formation and the switch from trunk to the production of tail tissues. 
 
 
Figure 41. A model for trunk to tail transition in the mouse. Schematic representation of the activity of 
Gdf11 in activating Isl1 expression in axial progenitors during the switch in the mode of tissue production 
from the primitive streak (light blue rectangle in the left) to the tail bud (light blue ellipse in the right). Isl1 
leads to the terminal differentiation of lateral mesoderm progenitors (red arrow in the left) and the 
induction of hindlimbs and cloaca (in the right). light blue arrow indicates neural tube production (in dark 
blue in the right), dark green arrow indicates notochord formation (in green), light gray arrows indicate 
somites (dashed and solid boxes). Top left Dorsal view of the posterior region of an E8.5 embryo. Top right 
Lateral view of the posterior region of an E10.5 embryo. Bottom Scheme of an adult mouse, highlighting 
the skeleton system and trunk-associated organs. 
 
 Such scenario implies that production of the body is regionally 
different along the AP axis. This idea is compatible with a number of 
observations. For instance, head development includes the participation 
of neural crest cells, which are responsible for making a large part of 
the head skeleton (Cordero et al., 2011; Le Douarin and Dupin, 2012; 
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Helms and Schneider, 2003). Accordingly, the head mesoderm and the 
first seven-eight somites, which give rise to the occipital and cervical 
areas, are produced in a variety of mouse mutants, such as T, Wnt3a, 
Tbx6 and Raldh2 or Cdx compound mutants, whereas their subsequent 
axial development is blocked (Chapman and Papaioannou, 1998; 
Herrmann et al., 1990; Mic et al., 2002; Niederreither et al., 1999; van 
Rooijen et al., 2012; Takada et al., 1994; Wilson and Beddington, 
1997; Yoshikawa et al., 1997). Likewise, the regionalized mode of 
notochord morphogenesis also fits this hypothesis (Yamanaka et al., 
2007). The results presented in this thesis can be also interpreted 
according to this model, as our transgenics typically failed to show 
evident abnormalities anterior to the forelimbs. However, this 
characteristic could have resulted from a tissue-restricted activity of the 
Cdx2 enhancer used in our studies, although previous characterization 
of this promoter seems to argue against this possibility (Benahmed et 
al., 2008; Gaunt et al., 2005). Additionally, we cannot exclude the 
possibility that tissues anterior to the forelimbs are not competent to 
respond to the genes used in our experiments. This would imply a 
change in tissue competence at the level of the forelimb bud, which 
matches the transition from neck to trunk. In this respect, it should be 
also noted that we never found Cdx2P-Isl1 transgenics with hindlimbs 
closer than 6 somites to the forelimb buds or with axial truncations 
anterior to the 8th thoracic segment. This may indicate the existence of a 
change in competence at this axial level. On the other hand, using the 
same experimental conditions, we were able to induce hindlimb buds 
closer to the forelimbs by overexpressing Alk5CA. Considering that 
Gdf11 signaling participates in the induction of Isl1, this raises the 
possibility that tissue competence to respond to Isl1 is provided by 
191 
 
Gdf11. Whether this is the case as well as the mechanisms mediating 
this gain of competence were not addressed in this thesis. 
 The diversity of vertebrate body plans could be explained on the 
basis of this three phase hypothesis. For instance, the long necks of 
birds would have arisen from an extended first phase, whereas their 
short tails would have resulted from a reduced third phase. Snakes, on 
the other hand, would have a very restricted first phase, an extended 
second phase and a short third phase. In turn, lizards would have fairly 
regular first and second phases, but an increased third phase. Hence, the 
modularity in the production of these anatomical regions could provide 
the grounds for the evolution of morphological diversity within the 
vertebrates by simply affecting the length of each phase during axial 
extension. 
  Our results indicate that the Gdf11-Alk5-Smad-Isl1 pathway 
might be within the functional core determining the position of the 
trunk to tail transition in the mouse (Fig. 41). However, the observation 
that inactivation of Gdf11 resulted in an extended trunk to some degree, 
but did not block completely such transition suggest the existence of 
redundant mechanisms. The stronger phenotype of Gdf11 and Gdf8 
double mutants (McPherron et al., 2009) indicates that Gdf8 could be 
indeed part of this mechanism. Another key question to understand this 
process relies in the identification of the mechanisms that activate 
Gdf11 signaling at a particular axial level. Moreover, whether a similar 
Gdf11-Isl1 network is conserved in other vertebrate species awaits to 
be determined. 
 To support our three phase hypothesis, it is also important to 
characterize the mechanisms that regulate the transition from the head-
neck to the trunk region. A good candidate for such role is the RA 
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signaling. In particular, Raldh2 mutant embryos, which cannot 
synthesize RA, fail to produce forelimb buds and extend further this 
axial level (Niederreither et al., 1999). However, this phenotype can be 
rescued to a large extent by an exogenous dose of RA at the time when 
the forelimb bud is being formed (Mic et al., 2003; Niederreither et al., 
1999), suggesting that RA signaling could be involved in the change of 
cell competence associated to this transition. 
 On the other hand, the phenotype of the Cdx2P-Wnt3a 
transgenics could be interpreted as a global posteriorization of the 
body. In this case, Wnt/β-catenin signaling may also impact the trunk to 
tail transition. Interestingly, bioinformatics analysis have identified a 
putative binding site for Lef1 in the CR2 enhancer element of Isl1, 
suggesting that this transcription factor could be also downstream of 
Wnt/β-catenin signaling. Experiments are being currently performed to 
test this possibility. In addition, our results showed that both the 
inactivation of Gdf11 and the overexpression of Alk5CA in the epiblast 
resulted in the misexpression or downregulation of Wnt3a, respectively. 
However, it is not clear if this was a direct or an indirect effect. 
Conversely, expression of Gdf11 in Cdx2P-Wnt3a transgenics did not 
seem to be perturbed. Analysis of phosphorylated Smad2/3 levels in the 
caudal region of Cdx2P-Wnt3a embryos also did not reveal any direct 
crosstalk between these two pathways, suggesting that, if Wnt3a is 
involved in setting the position of the trunk to tail transition, its 
mechanism most probably does not involve the regulation of Gdf11 
signaling. Alternatively, the phenotype of Cdx2P-Wnt3a embryos could 
be interpreted as an indirect consequence of a global shortening of the 
embryonic structures derived from the effects of Wnt3a on the axial 
progenitors of the epiblast. 
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 Surprisingly, our results indicate that Hox genes do not play a 
major role in determining the position of the trunk to tail transition. In 
particular, overexpression of trunk Hox genes in the epiblast or in 
mesodermal compartments (PSM and LPM) had very mild or no visible 
effects on this process. Indeed, only Cdx2P-Hoxb9 transgenic mice 
exhibited a consistent anterior displacement of the hindlimbs, most of 
the times by one segmental unit. This phenotype is in agreement with 
the inactivation of all Hox9 members, which produces a slight extended 
lumbar region, with the sacrum and the hindlimbs located two vertebral 
elements more caudally (McIntyre et al., 2007). Interestingly, it has 
been shown that expression of Hoxa5 and Hoxb8 in the epiblast can 
rescue the posterior axial truncation in a Cdx2/4 mutant background, 
revealing that trunk Hox genes play a role in axial extension to some 
extent (Young et al., 2009). Likewise, Hox13 genes have been shown to 
produce the opposite effect, inducing the premature termination of the 
AP axis (Young et al., 2009). Our findings indicate that Hox11 genes 
might also play a role in the regulation of tail growth. In particular, 
both the increased size of tail structures observed in Gdf11 mutants and 
the tail reduction of Cdx2P-Alk5CA transgenics correlate with delayed 
and precocious Hoxd11 activation, respectively. Interestingly, the tail 
phenotype of the Gdf11 mutants recapitulates several phenotypic 
characteristics of Hox11 mutants (Wellik and Capecchi, 2003), which 
further supports the connection between Hox11 genes and the size of 
tail structures. Therefore, several observations support a role for Hox 
genes in the control of axial extension. However, it should be noted that 
those effects seemed restricted to the axial skeleton with no apparent 
influence on the relative AP position of derivatives of the lateral 
mesoderm progenitors. This suggests that, although coordinated, the 
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mechanisms controlling the extension of the different parts of the 
vertebrate body are regulated by independent mechanisms. 
 
V.3 - Axial progenitors 
Progenitors for the different tissues are produced as the vertebrate body 
gradually elongates, initially from the epiblast and the PS, and are 
subsequently relocated to the CNH within the tail bud. Our results 
indicate that Gdf11 signaling has two effects on these cells, acting in 
their relocation from the NSB to the CNH, as well as on their 
functional properties once they have reached the tail bud. They showed 
that, although coordinated, these two activities are based on different 
mechanisms. 
 The role of Gdf11 in the relocation of the progenitors seems to 
involve the modulation of RA signaling, as cell distribution in the tail 
bud of Gdf11 mutants can be rescued by blocking RA receptors. 
Accordingly, mutants for the RARγ are insensitive to exogenous 
administration of RA  and exhibit normal tails (Iulianella et al., 1999).  
However, Gdf11 does not seem to regulate RARγ expression. Instead, 
our results indicate that the modulation of RA signaling by Gdf11 is 
mediated by the control of Cyp26a1 levels. In particular, the levels of 
this enzyme varied in the absence of Gdf11, being downregulated 
during the trunk to tail transition and upregulated at later stages. The 
observation that Cyp26a1 expression was reduced but still present in 
Gdf11 mutants during the trunk to tail transition may explain why the 
tail phenotype of Gdf11 mutants is not as strong as the Cyp26a1 mutant 
phenotype (Abu-Abed et al., 2001, 2003; Sakai et al., 2001). In this 
case, progenitors located closer to the tail tip would still be protected 
from RA by enough Cyp26a1 and only more rostral progenitors would 
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be exposed to RA due to the reduced levels of Cyp26a1 expression. 
The observation that RA-exposed and RA-non exposed progenitors in 
Gdf11 mutants seem to segregate from each other also suggests that RA 
activity might affect the regulation of specific characteristics (e.g. 
adhesive properties?) that would be important to target these cells to the 
CNH. Possible candidates include components of the extracellular 
matrix (e.g. integrins and cadherins?). Current experiments are being 
performed to explore these possibilities. 
 The regionalization of the wild type tail bud mesenchyme could 
also explain the split phenotype in Gdf11 mutants (Fig. 40). In this 
context, loss of Gdf11 would impair the maintenance of the tail bud 
organization, resulting in the segregation of the progenitor population. 
The group of T-positive cells that lags behind and eventually locates 
close to the hindlimbs gives rise to an ectopic ventral mass of nervous 
tissue. The formation of nervous tissue from this population suggests 
that these cells comprise bipotent N-M progenitors of the CNH which 
fail to persist within the tail bud upon loss of Gdf11. Under this new 
environment, these progenitors further differentiate into neural tissue 
due to the absence of Wnt3a stimulus (Martin and Kimelman, 2012). In 
turn, the remaining T-positive domain(s) at the tail tip(s) of Gdf11 
mutants would comprise the dorsal posterior and the ventral tail bud 
populations found in wild type embryos. These cells exhibit restricted 
ability to produce paraxial mesoderm in wild type embryos (McGrew et 
al., 2008). Thus, the disruption of tail bud organization in Gdf11 
mutants would lead to the production of somites in both the ventral and 
dorsal parts of the split tail. From this perspective, we speculate that 
these both dpTB and vTB populations consist of lineage intermediates 
with transit-amplifying behavior (Fig. 40). The concept of "transit-
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amplifying cells" was described in many adult tissues and refers to cells 
restricted in fate that have the ability at some extent of self-replication 
(e.g. Lander et al., 2009; Sancho et al., 2004; Zhao et al., 2011). Indeed, 
McGrew et al. (2008) have reported that the CNH in wild type mice 
and chicken contributes cells to the dpTB region. However, the 
relationship between the other regions of the tail bud remains to be 
examined.  
 To evaluate the "transit-amplifying cells" hypothesis, we took 
advantage of transgenic mouse lines that we have previously generated 
(see chapter 3). These lines express a tamoxifen-inducible form of Cre 
recombinase (CreERT) driven by a T regulatory element. Using mouse 
reporter lines, we observed recombined cells in both neural and 
mesodermal compartments of the transgenic embryos, confirming T as 
a marker for axial progenitors. However, we could not use one of the 
lines to track cell relationships in the absence of Gdf11 because we 
were unable to recover Gdf11-/-;R26R-β-gal+/0;T-streak-CreERT+/0 
embryos. This finding raises the possibility that the T-streak-CreERT 
transgene in the mouse line #47 had disrupted an important component 
that interacts functionally with the Gdf11 pathway. Thus, transgenic 
alleles do not affect mouse development when Gdf11 is present, but are 
critical when Gdf11 is absent. We are currently analyzing this genetic 
interaction. 
 Alternatively, we also tried to determine specific markers for 
the identification of bipotent N-M progenitors in the tail bud. Due to 
the Gdf11 tail phenotype, we reasoned to identify Gdf11 receptors in 
the tail bud of wild type embryos (Alk4, Alk5 and Alk7), but none of 
our many attempts were successful. Except for RARγ, all other gene 
candidates resulted in non-exclusive labeling patterns. For instance, we 
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and others have shown that T, Wnt3a, Cdx2, Sox2, Foxa2, Fgf8 and 
Noto all localize to the CNH region of the mouse tail, but are also 
present in nearby regions (Abdelkhalek et al., 2004; Cambray and 
Wilson, 2007; Ukita et al., 2009). This has hampered the proper 
characterization of these progenitors. Using a similar strategy of 
tamoxifen administration as previously described, we are currently 
performing experiments aiming at isolating these cells by cell sorting of 
T-streak-CreERT+/0;Rosa26R-YFP +/0 embryos. 
 The second role that we identified for Gdf11 signaling involves 
the progressive termination of the main embryonic body axis. Whereas 
wild type skeletons exhibit gradually smaller vertebrae and no neural 
tube posterior to the fourth or fifth caudal vertebra, skeletons of 
untreated and RA-inhibitor-treated Gdf11 mutants showed an 
expansion in the size of these vertebrae and of the neural tube. These 
observations can be interpreted on the basis of the previously described 
chalone activity of Gdf11 (Gamer et al., 2003; Gokoffski et al., 2011; 
Wu et al., 2003). This would indicate that progenitors incorporated into 
the tail bud of Gdf11 mutants keep producing more tissue than they 
normally generate in wild type embryos. In this case, Gdf11 could be 
negatively regulating the rate of progenitor production, thus controlling 
the progressive termination of the axis. Some preliminary results seem 
to suggest an increase in cell proliferation in the tail bud of E10.5 
Gdf11 mutants (not shown), but a quantitative analysis needs to be 
done. Consistent with this scenario, hyper-activation of Gdf11 
signaling in the epiblast resulted in the truncation of the AP axis (strong 
phenotype of Cdx2P-Alk5CA transgenics). We are currently testing this 
hypothesis, although the lack of specific markers for the axial 
progenitors complicates this analysis. 
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 Lastly, tail truncation in Gdf11 mutants could be a secondary 
effect of the segregation of axial progenitors. We observed an abnormal 
accumulation of blood vessels in the ventral region close to the tail, 
whereas dorsal regions became gradually deprived of blood vessels as 
the mutant grew older. It is very probable that the lack of nutrients and 
oxygenation that would result from the absence of vascularization in 
the tail bud of Gdf11 mutants is the origin of the increased apoptosis we 
observed at the tail tip(s) from E11.5 onwards. This could also explain 
the precocious termination of axial extension in these mutants. 
 
V.4 - A model for axial extension 
To integrate the results described in this thesis with the available body 
of literature, we propose the following model of axial extension. The 
first cell fate decision in the axial progenitors occurs between the 
formation of neural and mesodermal tissue. At this moment, Wnt3a 
would be involved in blocking the production of neural tissue from 
these progenitors. Thus, only those cells exposed to lower Wnt3a levels 
would be able to enter the neural lineage. Progenitor cells exposed to 
higher Wnt3a levels would be available for interacting with other 
mesoderm-inducing factors to generate the different mesodermal 
compartments. There, the levels of Wnt3a signaling can also be 
involved in the production of different cell lineages. Those exposed to 
higher Wnt3a levels (located towards the most posterior part of the PS) 
would be able to differentiate into lateral mesoderm upon interaction 
with other proper signals. Cells exposed to lower Wnt3a levels (but still 
high enough to block neural differentiation) would interact with 
mesodermal-inducing factors to produce paraxial mesoderm. In these 
cells, mesodermal differentiation require the activation of Tbx6, which 
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blocks neural fates by downregulating Sox2 (Takemoto et al., 2011). 
The onset of Gdf11 activity marks the transition from trunk to tail, 
which results in the terminal differentiation of lateral mesoderm 
progenitors (Fig. 41). Gdf11 signaling induces Isl1 expression, which 
modulates β-catenin activation to initiate hindlimb growth (Kawakami 
et al., 2011). The levels of β-catenin, however, need to be further 
downregulated to allow hindlimb morphogenesis. Gdf11 also 
participates in the relocation of bipotent N-M progenitors to the CNH 
by protecting them from RA. Transit-amplifying cells in the dpTB and 
vTB generate paraxial mesoderm. Gdf11 signaling ultimately exert 
negative control on the production of progenitors in the tail bud, acting 
on multiple signaling pathways, such as FGF, RA and Wnt/β-catenin. 
In this new environment (the tail bud), Wnt3a protects resident bipotent 
N-M progenitors from precocious differentiation, whereas Gdf11 
signaling leads to the progressive and regulated termination of tail 
growth (Fig. 40). 
 
Final remarks 
In conclusion, our knowledge on axial extension is now meeting the 
molecular mechanisms that control the behavior of axial progenitors, 
but much of our understanding regarding these cells is still incipient. 
This work sheds light into many aspects of mesoderm production,  
posterior regionalization of the body and regulation of axial 
progenitors. The hypotheses raised from our results are being currently 
scrutinized. Lastly, our proposed model provides an extension of 
current models that explain other aspects of axial growth, including 
somitogenesis and patterning of the axial skeleton (Mallo et al., 2010; 
Pourquié, 2011). 
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